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ABSTRACT 
An aneurysm is an abnormal widening of a portion of an artery, related to weakness in 
the blood vessel wall. Thoracic Aortic Aneurysms (TAAs) are associated with low 
frequency in a given population but high mortality rate. No reliable surgical criterion is 
available at present but internal wall stress has proved to be more reliable as a predictor 
of rupture than the maximum diameter in case of Abdominal Aortic Aneurysms (AAAs). 
In this work a computational model of TAA based on patient- specific anatomical and 
flow conditions, acquired from medical images, was developed. Flow and stress patterns 
in the TAA models were calculated using the Finite Element Method (FEM). The present 
study, based on 8 TAA patients and a normal subject, showed no correlation between 
peak stress and geometrical parameters such as the maximum diameter, aneurysm length 
and curvature. Peak stress calculated using fully coupled analysis of flow and stress was 
similar to that predicted by static solid simulation, in agreement to previous studies. A 
novel methodology for geometry reconstruction with multiple sets of magnetic resonance 
(MR) images was developed and compared with conventional reconstruction method 
based on a single set. It has been demonstrated that the predicted maximum wall stress is 
sensitive to image resolution, and the combination of two sets of images with different 
resolution and anatomical detail allows the reconstruction of a more accurate and faithful 
aneurysm model. Combining wall stress analysis with Positron Emission Tomography 
(PET) images revealed that high wall stress regions coincided with areas of elevated 18- 
fluorodeoxyglucose (18-FDG) uptake, implying a possible relationship between wall 
stress and metabolic activity. 
This study has demonstrated the applicability of the patient- specific modelling tool to 
TAAs. It is a first step towards developing a reliable predictive tool to allow improved 
prognosis and surgical decision making for TAA patients. 
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CHAPTER 1: INTRODUCTION 
"Beating a sudden killer" is the title of an astonishing paper, published on Scientific 
American in 2005, where John Elefteriades, a cardiac surgeon from Yale University, 
narrates the story of a lady aged 32, Carmela Korman, affected by Marfan Syndrome, 
who entered the emergency room of the Yale University Hospital because of severe chest 
pain and was afterwards diagnosed with aortic dissection, with a large amount of blood 
inside the pericardium, continuous loss of consciousness and low systemic pressure. She 
suffered from a particular pathology, called Thoracic Aortic Aneurysm, which causes the 
swelling of the upper part of the aorta, eventually degenerating into dissection or rupture. 
The response of the doctors in the emergency room was immediate surgery, and Dr 
Elefteriades performed the surgical repair of her aorta using an artificial vessel made of 
Dacron. She was very sick after the surgery but "she clung to life and improved steadily". 
Her husband was John Rizzo, who was an economist working in the epidemiology 
division of the school of public health and now is collaborating with Dr Elefteriades for 
the compilation of a computerized database of patients with similar conditions to that of 
her wife at the time of surgery. This collaboration led to the creation of the largest 
organized database of cases of Thoracic Aortic Aneurysm, including information on more 
than 3000 patients with this condition. At present, in the US only, more than 15000 
people die when an aneurysm in the chest or abdomen burst or dissects. The only possible 
remedy is a pre-emptive intervention to replace the damaged region with artificial 
components or the endovascular graft repair (EVAR). While the second methodology 
carries a smaller risk but is not always feasible, the open repair is risky and the physicians 
delay taking the decision until it is absolutely necessary. At present, no criterion has been 
demonstrated to be adequately reliable to help the surgeon in the decision making. The 
research in this field is addressing new ways to predict the outcome of aneurismal 
patients, but still applies what was observed by Sir William Osler in the 19th century: 
"There is no disease more conducive to clinical humility than aneurysm of the aorta". 
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1.1 Thoracic aortic aneurysm 
The aorta is the main artery that carries oxygen-filled blood from the heart to the rest of 
the body. A Thoracic Aortic Aneurysm (TAA, Figure 1) is the swelling or ballooning of 
the thoracic aorta (the portion of the aorta that extends from the aortic valve to the 
diaphragm). Although an aneurysm can occur in any artery of the body, it may become 
dangerous and symptomatic when it occurs in the thoracic aorta, abdominal aorta and the 
iliac arteries. At present, the only possible treatments for TAAs are open surgical repair 
(when a graft is used to replace part of the aorta) or endovascular graft repair (when a 
stent graft is inserted through the groin and positioned at the aneurysm location, in order 
to support the swollen and weakened aorta). 
Thoracic Aortic Aneurysm 
I. U 
Heart Thoracic Aneurysm 
Right Kidney-_ --Left 
Kidney 
Right Renal Artery-`-W ,, 
1 441V --- Left Renal Artery 
Aorta 
Figure 1: The aorta in presence of a Thoracic Aortic Aneurysm 
The incidence of this pathology in a population is 5.9 cases per 100,000 person-per year 
(Elefteriades 2002), however the 5 year mortality rates for patients with ascending TAA 
is 31% of the cases, while that for patients with descending 
TAA is 43% of the cases 
(Table 1). Aneurysm formation is normally chronic, though in some cases, mainly in case 
of infection, its formation can be acute (Fann 
2002). 
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% Risk of Diameter % Surgical Intervention Critical size rupture for 
growth rate risk diameter dissection 
Ascending 0.07 
6 cm 31 % 2.5% 5.5 cm TAA cm/year 
Descending 0.19 
7 cm 43% 8% 6.5 cm TAA cm/year 
'table 1: Summary of clinical features of Thoracic Aortic Aneurysms 
Among the possible causes of aortic aneurysm are atherosclerosis, medial cystic 
degeneration andcongenital. disease (Table 2). Atherosclerotic aneurysms are rare in the 
descending aorta and much more common distally (Bogren, Mohiaddin et al. 1995). 
Mechanical deterioration is known to underlie malignant behaviour of the aneurismal 
aorta: in a study of 33 patients (Koullias, Modak et al. 2005), aortic compliance was 
shown to decrease with the dimension of the aorta and the wall stress while tangential 
elastic modulus increased. 
Cause % 
Atherosclerosis 69.5 
Medial cystic degeneration 9.9 
Congenital disease 6.0 
Annuloaortic ectasia 3.7 
Myxomatous degeneration 3.0 





Table 2: Etiology of TAAs (Livesay, Messner et at. 2005) 
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Family pedigrees confirm that 21% of patients with TAA have first order family 
members with history of aortic aneurysm (Elefteriades 2002; Pannu, Avidan et al. 2006): 
the predominant mode of inheritance is autosomal dominant and familial TAAs tend to 
grow at a higher rate (Albornoz, Coady et al. 2006). Direct father to son transmission was 
found in a study in 38.5% of the cases (Coady, Davies et al. 1999). 
When symptomatic, aneurysms patients tend to experience 
* pain in the chest, neck, and/or back 
swelling of head, neck, and arms as a result of pressure on large blood vessels 
heart failure - an aneurysm (if located in the ascending aorta) may affect the heart 
valves, causing blood to regurgitate into the heart 
It was found that aneurysm size has a profound impact on the outcome of a patient with 
TAA: the yearly risk of complications (including rupture, dissection or death) triples for 
aneurysm of 6 cm or greater, in comparison with aneurysm with size ranging from 4 to 
4.9 cm (Figure 3), and normally the recommended size for intervention is 5.5 cm for the 















POW at 7.0 cm 
31) 
Figure 2: Probability of complication for the ascending aorta (on the left) and the descending aorta 
(on the right) (Coady, Rizzo et al. 1999) 
Other surgical criteria regard the relative aortic size (aortic size normalized by the body 
surface area) as more important than absolute aortic size 
in predicting the rupture 
probability of an aneurysm (Davies, Gallo et al. 2006). 
Multivariate regression analysis 
performed by Juvonen et al. identified the maximal 
diameter in the descending and 
abdominal aorta as independent risk factor 
for rupture, as well as age, presence of pain or 
chronic obstructive pulmonary disease 
(Juvonen, Ergin et al. 1997) and analyzed the 
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Aortic sim (cm) t4 
dependence of the probability of rupture within one year from all this variables using a 
model. 











N 4.0 to 4.9 
M 5.0 to S. 9 
0 6.0 or greater 
Figure 3: Yearly risk of complications for TAA (Elefteriades 2005) 
Both open repair and EVAR carry risks: it was found in a study that 29.5% of the patients 
of the population had post-operative events, including renal failure, paraparesis, 
paraplegia, stroke, death (Miller, Porat et al. 2003). In a study by Coselli et al (Coselli, 
LeMaire et al. 2000), the rate of 30-day mortality was 4.8% for elective repair; in a study 
comprising 321 patients who arrived in the surgical theatre with a ruptured aneurysm, 
mortality reached 53.8% (Cowan, Dimick et al. 2003). A "complication specific" 
approach was suggested in case of management of descending aortic dissection, since the 
direct aortic replacement in the setting of acute dissection carries high mortality (up to 
65%) and paraplegia (35%), "leaving room for consideration of alternative procedures" 
(Elefteriades, Lovoulos et al. 1999). 
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1.2 Surgical criteria: the lack of reliable directions for the clinical 
management 
All the criteria adopted so far to evaluate the possibility of rupture for an aneurysm are 
based on measuring aortic dimension, growth rate or other geometrical indices. As. Neri 
and Massetti (Neri and Massetti 2004) in their letter to the editor of The Journal of 
Thoracic and Cardiovascular Surgery stated, the clinician needs to "think in a more 
complex manner about these issues and take full advantage of the major technology 
breakthrough to find his answers". The diameter criterion has shown to be unreliable in 
case of both small and large aneurysms: aneurysms smaller than 5 cm rupture in 6.5% of 
the cases (Elefteriades 2002) and some abdominal aneurysms have shown to grow up to 8 
cm without complications. Furthermore, it was found that aneurysm strength is not 
correlated with aneurysm dimension (Vorp, Schiro et al. 2003). It has been shown for 
abdominal aneurysms that the use of wall stress, calculated by means of the finite element 
method, correlates better than aneurysm size with rupture of the aneurysm (Fillinger 
2006). This is due to the nature of the rupture of the aortic wall, in case of aneurysm: 
from a mechanical point of view, rupture occurs when the mechanical forces exerting on 
the aneurysm wall exceed the strength of the wall. Fillinger et al (Fillinger, Marra et al. 
2003) reported that the peak wall stress in aneurysms had a higher sensitivity and 
specificity for predicting the rupture than maximum diameter (94%, 81% versus 81%, 
70%). Venkatasubramaniam et al. (Venkatasubramaniam, Fagan et al. 2004) analyzed 27 
AAAs using finite element techniques, of which 15 had ruptured after the scan. The wall 
stress was found to be significantly higher in the ruptured aneurysms and the rupture site 
coincided with the area of maximum wall stress. The analysis of the fluid dynamics 
would provide important information about the correlation between blood flow and 
aneurysm expansion: studies have shown that blood flow patterns are generally abnormal 
in grafts and may create hydrodynamic problems (Bogren, Mohiaddin et al. 1995; Bogren 
and Buonocore 1999); furthermore it was found that alteration in flow patterns were 
linked to the propagation of the aneurysm due to the change of shear stress on the 
aneurysm inner wall. Bluestein et al. (Bluestein, Niu et al. 1996) investigated the role of 
disturbed flow on platelet deposition and thrombus formation in an aneurysm model 
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using numerical as well as experimental methods, and showed that platelets with elevated 
shear histories and higher incidence of activation tended to adhere to the wall in areas of 
low wall shear stress. The effect of dynamic interactions between blood flow and wall 
motion in AAAs has been investigated and the first such work was performed by Di 
Martino et al. (Di Martino, Guadagni et al. 2001), who analyzed the complex stress 
pattern and fluid dynamics in a patient specific aneurysm model. Later studies evaluated 
the importance of coupled fluid structure interaction (FSI) for calculating the stress 
pattern in patient specific aneurysm models (Leung, Wright et al. 2004; Wolters, Rutten 
et al. 2005; Papaharilaou, Ekaterinaris et al. 2006). Currently, no study is present in 
literature involving the analysis of biomechanical factors in Thoracic aortic aneurysms: 
furthermore, not all what has been found about abdominal aneurysms can be directly 
reported to aneurysms located in the thoracic aorta, due to differences in location, 
geometrical features, flow conditions inside the lumen and material properties. In the 
present work, the segmentation technique previously applied to abdominal aneurysms has 
been modified and applied to segmentation of thoracic aneurysms, also in presence of 
aneurysm located in the aortic arch. Fluid-solid interaction has been performed for a 
group of patients with TAA and the the necessity of performing fully coupled simulation 
has been analyzed for the first time in case of aneurysm of the thoracic aorta and the 
validity of previous results has been commented. A group of patients having TAA with 
different features, such as geometry, location and compostion has been reconstructed and 
stress pattern has been calculated and common features and differences between 
aneurysm in the aortic arch and the descending aorta have been investigated. 
The use of medical imaging together with the appropriate segmentation technique allows 
the reconstruction of patient- specific models and the use of finite element method with 
fluid-solid interaction provides a tool to evaluate non-invasively the wall stress of the 
aneurysms. 
1.3 Plan of the Thesis 
The main contents of this thesis are as follows: 
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Chapter 1: introduction to the pathology in terms of aetiology, population, outcome, 
management; the lack of a reliable surgical criterion and the computational approach as a 
possible solution. 
Chqpter 2: review of the literature about TAA; the basics of medical imaging and its use 
for the modelling; the mechanical properties of blood and aortic wall, with particular 
emphasis on the models for the aneurysm wall; review of solid mechanics and 
computational fluid dynamics (CFD) models of aortic arch and aortic aneurysms, along 
with fluid-solid interaction modelling examples. 
Chapter 3: description of the patient population used for this project, with summary of the 
image sets used for creation of the models; geometry extraction from CT and MRI 
images and processing of the data for the finite element model; 
Chapter 4: creation of the finite element model; description of the sensitivity study of the 
model (mesh sensitivity and type of elements) and boundary conditions used for the 
different models created. 
Chapter 5: analysis of the effect of the boundary conditions on the flow pattern of the first 
patient; validation of the model with cross-code comparison and in-vivo validation; 
results of the population study and analysis of the dependence of the wall stress on other 
geometrical features; results of the FSI study and comparison of the fully coupled 
solution with the solid static analysis and the rigid-wall flow analysis; combination of the 
stress pattern calculation with information derived from PET functional images showing 
the fluorodeoxyglucose uptake in one of the patients of the study, comparison of the 
patterns and analysis of the possible implications; analysis of the effect of the 
methodology of reconstruction of the TAA model on the stress pattern and stress levels 
and creation of a novel methodology where several sets of images with different level of 
anatomical detail are employed to build the FE model 
Chilpter 6: Conclusion and way forward, with recommendations for the improvement of 
the method and possible developments. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 The circulation 
The circulation is divided into the systemic circulation and the pulmonary circulation (see 
Figure 4). Since the systemic circulation supplies all the tissues of the body except the 
lungs with blood flow, it is also frequently called the greater circulation. The systemic 
circulation originates from the left ventricle, whilst the pulmonary circulation originates 
from the right ventricle. 
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Figure 4: The circulation (from www. mednote. co. kr) 
The function of arteries is to transport blood under high pressure to the tissues. For this 
reason the arteries have strong vascular walls and the blood flows rapidly in the arteries. 
The arterioles are the last small branches of the arterial system; they act as control valves 
through which blood is released into the capillaries. 
The capillaries have the function of exchanging fluid, nutrients, electrolytes, hormones 
and other substances between the blood and the interstitial spaces, for this reason the 
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capillary walls are very thin and permeable to small molecular substances (transport at 
this level is driven by diffusion)(Levick 2000). 
The venules collect blood from the capillaries, the veins function as conduits for transport 
of blood from the tissues back to the heart. By far, a greater amount of blood in the 
circulation is contained in the systemic veins; with only 8% of the blood in the large 
systemic arteries. 
Because the same volume of blood flows through each segment of the circulation each 
minute, the velocity of blood flow in each segment is inversely proportional to its cross- 
sectional area. Thus, under resting conditions, the velocity in the aorta is 1000 times the 
velocity in the capillaries, though in the latter district the main function of the blood 
(oxygen and nutrient exchange) occurs. 
The heart pumps blood continuously into the aorta, so the pressure of the aorta has a high 
value around 100 mmHg. Because the pumping of the heart is pulsatile, the arterial 
pressure fluctuates approximately (for normal subjects) between a systolic level of 120 
mmHg and a diastolic level of 80 mmHg; as the blood flows through the systemic 
circulation, its pressure falls progressively to approximately 0 mmHg by the time it 
reaches the right atrium. The pressure drop across each segment of the systemic 
circulation is directly proportional to the vascular resistance in the segment: thus the 
resistance in the aorta is almost zero and it increases rapidly in the very small arteries. 
The large arteries provide two major functions (Guyton 1986): 
9 they act as conduits to conduct blood to all the peripheral tissues; 
0 they serve as a high pressure reservoir to receive the pulsatile output of blood 
from the heart and to store some of this blood for part of the pulse period until the 
next heartbeat. 
To serve this second function, the large arteries are elastic, so that 
* they can prevent the pressure from rising extremely high when the 
blood is 
pumped into the arterial tree by ventricular contraction; 
they can maintain a high arterial pressure between heartbeats so that blood can 
continue to flow through the tissues without interruption. 
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2.2 Anatomy of the aorta 
I 
Figure 5: The thoracic aorta (from Gray's Anatomy 1967) 
The aorta (Figure 5) is the main artery of the body, from which all others derive. It arises 
from the left ventricle, arches over the top of the heart and descends in front of the 
backbone, giving off large and small branches and finally dividing to form the right and 
left iliac arteries. 
The part of the descending aorta from the aortic arch to the diaphragm is called the 
thoracic aorta, the part below the diaphragm is the abdominal aorta (Martin 1998). 
The thoracic aorta is for convenience described as arbitrarily divided into ascending 
aorta, aortic arch, descending aorta. The ascending aorta is approximately 7 cm long, 
begins at the base of the left ventricle (aortic valve annulus), ascends obliquely, curving 
forward and right, behind the left half of the sternum to the level of the second left costal 
cartilage's upper border. At its origin are three sinuses (Valsalva sinuses), beyond which 
the vessel's calibre is slightly increased by a bulging of its right wall; the aortic bulb 
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gives the vessel an oval section. The diameter of the ascending aorta varies from 2 to 3.7 
cm in an average adult. 
The aortic arch begins at the level of the upper border of the second right sternocostal 
articulation. It measures approximately 4.5 cm in length and 2.5-3.5 cm in diameter, it 
ascends diagonally back and to the left over the anterior surface of the trachea, then back 
across its left side and finally descends left of the fourth thoracic vertebral body, 
continuing at its lower border as the descending aorta. The diameter of the descending 
aorta varies between 2-2.5 cm and is somewhat larger in individuals with atherosclerotic 
disease. 
Three branches spring from the vessel's convex aspect: the brachiocephalic trunk, the left 
common carotid and the left subclavian arteries. The brachiocephalic artery (innominate 
artery) is the largest branch of the aortic arch; it forks into the right common carotid and 
subclavian arteries (Gray 1967; Kahn and Konstadt 2002). 
2.3 Thoracic Aortic Aneurysms 
2.3.1 Pathology, aetiology 
Aortic aneurysm refers to an abnormal progressive dilation of the aortic lumen involving 
all the three layers of the aorta and one or more segments. During the process of gradual 
enlargement, the aorta becomes weaker leading to complications such as dissection, 
rupture or death: it begins as a weak spot in the blood vessel wall, which balloons out of 
shape over time by the pressure of the pumping blood. The morphology of aneurysms 
is 
typically either fusiform or saccular (Figure 6): a fusiform aneurysm is uniform 
in shape 
and the dilation is symmetrical, while saccular aneurysms are more 
localized and appear 
as outpouching of the aortic wall. False aneurysms or pseudo-aneurysms are usually 
result of trauma: in this case all the layers of the aorta present a confined 
dissection and 









Figure 6: Examples of fusiform aneurysm (on the left, from home. hearthlink. net ) and saccular (on 
the right, from www. aub. edu. 1b) 
Aortic dissections (Figure 7) are defined as tears in the intimal layer of the aorta, through 
which blood passes into the media and tends to separate the intima from the surrounding 
media or adventitia, creating a false channel or double lumen within the aortic wall. 
Aortic dissections are categorized into three groups on the basis of the involvement of the 
ascending aorta, descending aorta or both; however, ascending aortic dissections are 





Figure 7: Example of dissection of the descending aorta (on the left) and classification of the aortic 
dissections (on the right, from Klein, 2005) 
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A thoracic aortic aneurysm (TAA) occurs when a segment of the thoracic aorta is dilated 
by more than 50% of its original diameter. They can be divided into those involving the 
ascending thoracic aorta, the aortic arch and the descending aorta. Aneurysms of the 
thoracic aorta are not as common as those involving the abdominal portion (6 TAA cases 
out of 100.000 versus 36 AAAs) (Bickerstaff, Pairolero et al. 1982; Melton, Bickerstaff et 
al. 1984). 
Most thoracic aneurysms are associated with atherosclerosis, and its associated risk 
factors, including hypertension, hypercholesterolernia and smoking. However, it is 
believed that the primary cause is a defect in the vascular structural proteins (causing the 
formation of the aneurysm) with atherosclerosis occurring secondarily (Klein 2005): the 
result is a combination of decreased synthesis, increased breakdown and decreased 
inhibition of the breakdown of the supporting matrix of the aorta (Griepp, Ergin et al. 
1999). Atherosclerotic aneurysms are implicated in over 90% of ascending aortic 
aneurysms (Kahn and Konstadt 2002). 
Other possible causes of the formation of TAAs can be cystic medial degeneration 
(smooth muscle necrosis and elastic fiber degeneration), infection, trauma, iatrogenic or 
inflammatory processes, syphilis or rheumatoid disorders. Eventually, they can be 
associated with coarctation repair in childhood. Congenital etiologies include Marfan's 
syndrome and Ehlers-Danlos syndrome. Marfan syndrome is one of the most common 
inherited disorders of connective tissue, with a prevalence of about I in 10000; it is 
inherited in an autosomal dominant fashion. Recently it has been found that genetic 
abnormalities associated with Marfan syndrome include mutations in the fibrillin-1 gene 
on chromosome 15, that result in a decrease in the amount of elastin in the aortic wall 
(Klein 2005). On the other hand, Ehlers-Danlos syndrome is a disorder of collagen type 
III synthesis, resulting in hyperelasticity and fragility of the skin and hypermobility of the 
joints. 
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2.3.2 Clinical features and risk factors 
Most patients with aortic aneurysms have no symptoms attributable to the aneurysm at 
the first diagnosis (Pressler and McNamara 1980; Moreno-Cabral, Miller et al. 1984; 
Pressler and McNamara 1985). Aortic aneurysms are often discovered on a routine 
examination or chest x-ray, as an incidental finding. Ascending thoracic aneurysms can 
be present with congestive heart failure due to aortic regurgitation from aortic root 
dilation and this can lead to local compression of the coronary arteries, causing infarction 
of heart ischernia. 
Common presenting symptoms can be vague chest, back, flank or abdominal pain; other 
symptoms can result from compression of the adjacent intra-thoracic structures or bony 
thorax (de Bakey, McCollum et al. 1978; McNamara and Pressler 1978; Cooke and 
Cambria 1993). The clinical manifestation of the aneurysms of the ascending aorta and 
aortic arch include oedema of the upper extremities and face; patients with aneurysm 
involving the descending aorta can present compression of the trachea causing 
pneumonitis, cough, dyspnea and haernoptysis due to the compression and or erosion of 
the left main stem bronchus and pulmonary parenchyma (Klein 2005). 
TAA is a disease that presents familial patterns: a retrospective review of a database of 
598 patients evaluated or treated for TAA at the Yale Center for Thoracic Aortic Disease 
from 1985 to 1998 showed that patients with a family history of aortic aneurysms had 
faster growth rates (0.22 cm/y) compared to those with sporadic TAA and patients with 
Marfan Syndrome, and that 38.5% of the patients with known familial nonsyndromic 
TAA showed direct father to son transmission. Another study on 520 patients with TAA 
highlighted that an inherited pattern for this pathology was present in 21.5% of the 
patients without Marfan syndrome and that the predominant mode of inheritance is 
autosomal dominant (Albornoz, Coady et al. 2006). 
Statistical analysis applied to a prospectively accumulated database of 1600 patients with 
thoracic aortic aneurysm and dissections showed different features for ascending and 
descending aortic aneurysms: the ascending aorta grows faster than the descending aorta 
(0.07 cm/y versus 0.19) and the two locations present different critical sizes: the influence 
of aortic size on the incidence of natural complications 
(rupture or dissections) shows that 
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a sharp increase in the risk of complication is expected at 6.0 cm for the ascending aorta 
(by the time the aneurysm reaches this size 31% of the patients have suffered rupture or 
dissection of the aorta) and 7.0 cm for the descending aorta (43% of the patients have 
suffered natural complications by the time this size is reached) (Rizzo, Coady et al. 1998; 
Elefteriades 2002). A recent study showed that the relative aortic size is more important 
than absolute aortic size (Davies, Gallo et al. 2006): the calculation of the "aortic size 
index", defined as 
ASI aortl .c diameter 
body surface area 
(1) 
where the aortic diameter is measured in cm and the body surface area (BSA) is 
calculated (in M) using 
0.725 
BSA = 0.20247 weight - 100 
(2) 
It was found that increasing ASI was highly predictive of the combined endpoint of 
rupture, dissection or mortality before operative repair. However, in a population of 410 
2 
patients subdivided into three subgroups (less than 2.75 cm/m , low risk category, 2.75 
2 n/M2 to 4.25 cm/m , with moderate risk, and above 
4.25 Cr , at high risk), 25% of the 
ruptures occurred where ASI was less than the median of 2.50 cm/m 2 and below what 
most would consider appropriate operative intervention criteria. 
Juvonen et al. (Juvonen, Ergin et al. 1997) studied 114 patients who were enrolled at the 
time of their second CT scans. Multivariate regression analysis identified the maximal 
diameter in the descending and abdominal aorta as independent risk factor for rupture, as 
well as older age, presence of even uncharacteristic pain, and a history of chronic 
obstructive pulmonary disease. The authors proposed a model that allows the calculation 
of a probability of rupture in a given patient, which requires the 
information about the 
specific risk factors. 
The rate of rupture /'k is given by 
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log Ä= -21.055 + 0.093 -a-0.841 -p+ 18.22 - COPD + 0.643 - dd + 0.405. ad (3) 
where 
age (year) 
p= pain (I if present, 0 if absent or non reported) 
COPD = chronic obstructive pulmonary disease (I if present, 0 if absent or non reported) 
dd = descending aorta diameter (cm) 
ad = abdominal aorta diameter (cm) 
While the probability of rupture within one year is given by 
P=I-e -A(365) (4) 
This rupture criterion will be analysed further and compared with the peak wall stress 
criterion in paragraph 5.2.1 
2.3.3 Treatment, drawbacks 
The treatment of a TAA depends on the stage of the pathology: early aneurysms are 
usually just scanned in order to check the growth rate; when they reach considerable sizes 
the treatment is chosen between open surgical repair and endovascular graft repair. 
- "Watchful Waiting": when a TAA is small and doesn't cause any symptom, it is 
usually recommended the "watchful waiting" practice, which means that the TAA 
has to be monitored every 6 months for signs of change. If a TAA is large or 
causing symptoms, an active treatment is needed to prevent rupture. 
- Open Surgical Repair: during open aneurysm repair (see Figure 8), the surgeon 
makes an incision in the chest and replaces the weakened portion of the aorta with 
a fabric tube, called graft. The graft is stronger than the weakened aorta and 
allows blood to pass through it without causing a bulge. Many patients who have 
a TAA also have heart disease. Sometimes heart surgery is performed at the same 
time as open aneurysm repair. The hospitalization following the surgery can last 
up to 7 days; the complete recovery may require from 2 to 3 months. 
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Figure 8: TAA open surgical repair (from www. surgical-tutor. org. uk) 
Endovascular Stent 
_graft repair: 
instead of open aneurysm repair, the vascular 
surgeon may consider a newer procedure called endovascular stent graft. The 
treatment is performed inside the body using catheters which are inserted in small 
incisions in the groin and are guided through a blood vessel up to the aorta (see 
Figure 9). During the procedure, the surgeon uses X-ray to guide a stent-graft to 
the site of the aneurysm. The stent-graft allows blood to flow through the aorta 
without putting pressure on the damaged wall. Over time, the aneurysm tends to 
shrink. Endovascular stent-graft repair requires a shorter recovery time than open 
aneurysm repair, and the hospital stay is reduced to 2 or 3 days. 
Figure 9: Endovascular stenting of thoracic aortic aneurysm (from www. garyfester. com) 
Post-operative complications for TAAs include paraplegia and paraparesis, which 
have 
an incidence of 4.6% of the cases 
(Fann 2002; LeMaire, Miller et al. 2003), though direct 
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aortic replacement in the setting of acute descending aortic dissection carries an incidence 
of 28-65%. The operative mortality rate for TAAs is around 11-14% (Fann 2002). In a 
recent study, Cowan et al. (Cowan, Dimick et al. 2003) analyzed the treatment of 
ruptured Thoracoabdominal Aortic Aneurysms (TAAAs) in the United States from 1988 
to 1998. The number of Patients analyzed was 321 with a mean age of 71.5 years. 
Ruptured TAAAs comprise approximately 15% of all surgically treated 
thoracoabdominal aneurysms in the United States. Post-operative mortality ranged from 
40% to 70% with no evidence of improvement over time. More than 50% of the patients 
died within the first 24 h after the interventions and median length of stay for surviving 
patients was 16 days, with renal failure and cardiac complications as the most common 
post operative complications. 
2.4 Medical Imaging 
Medical maging started in the first decade of the 1900s after the discovery of x-rays by 
Professor Roentgen. The use of ultrasound dates back to 1960 when the principle of sonar 
was applied to diagnostic imaging. Digital imaging techniques were implemented in the 
1970's with the first clinical use and acceptance of the Computed Tomography or CT 
scanner, invented by Godfrey Hounsfield. The original 1971 prototype took 160 parallel 
readings through 180 angles, each V apart, with each scan taking a 
little over five 
minutes. The images from these scans took 2.5 hours to 
be processed by algebraic 
reconstruction techniques on a large computer. 
Magnetic resonance principles were initially investigated 
in the 1950s showing that 
different materials resonated at different magnetic 
field strengths. Magnetic Resonance 
Imaging (MRI) was initially researched in the early 1970s and the 
first MRI prototypes 
were tested on clinical patients in 1980. 
MR imaging was cleared for commercial, clinical 
availability by the Food and Drug 
Administration (FDA) in 1984 and its use throughout 
the U. S. has spread rapidly since. 
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2.4.1 Magnetic Resonance Imaging 
Magnetic resonance imaging represents a major innovation in medical imaging 
technology. MR imaging can provide detailed images of the human body with 
unparalleled soft tissue contrast in a non-invasive manner. 
Resonance, in the physical sense, is defined as the absorption of energy from a source at a 
specific frequency (often called the natural or resonant frequency). In case of MRI the 
source is radiofrequency energy, and the object resonating is the nuclei of atoms when 
placed in an external magnetic field. Nuclei are promoted to a higher energy state via the 
absorption of the RF energy. The higher energy or the excited state cannot be indefinitely 
maintained. Consequently the nuclei release energy in order to return to their lower 
energy or ground state. RF energy is released by the nuclei when the ground state is 
returned to. This emitted RF energy can be referred to as the MR signal. The 
characteristics of the MR signal are dependent upon the specific molecular environment 
of the emitting nucleus. Different types of information can be collected concerning a 
molecular environment from the MR signal. 
MR imaging cannot be applied to all nuclei. Nuclei must be rotating (and therefore 
possessing angular momentum, called spin) or must possess an odd number of protons or 
neutrons. Only nuclei like this can be made to resonate. Since nuclei possess electronic 
charge, their spinning produces a magnetic momentum ýt (see Figure 10), aligned on the 
axis of the spin. In the presence of an external static magnetic field, spins will align with 
it, similar to the manner in which a bar magnet would align. Quantum physics dictates 
that a proton has only two allowable quantum states (as its spin quantum number, I= 
±1/2). These two states are the parallel and antiparallel, pertaining to low and high energy 
states respectively. 
Hydrogen is the element of preference in MRI since it presents a high natural abundance 
and has a high sensitivity to its MR signal. The nucleus sensitivity to its MR signal is 
expressed in terms of its gyromagnetic ratio, y. Hydrogen has the largest gyromagnetic 
ratio and therefore has the largest MR signal sensitivity. 
When subjected to an external 
magnetic field Bo, protons align with the 
field and simultaneously experience a torque 
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due to BO. As a result, they precess about the Bo axis at a rate given by the Larmor 
relationship: 
larmor 0 
Figure 10 Nuclei Precession in external magnetic 
rield (Acharya, Wasserman et al. 1995) 
(5) 
Let's assume that BO is directed in z direction and that the x-y plane is the rotation plane 
of the dipole g (see Figure 10). Within a population of protons, there will always be a 
small net excess of spins within a given volume aligned in the parallel (lower energy) 
state as opposed to the anti-parallel (higher energy) state. This excess parallel state 
population is represented by the net magnetization vector M. M increases in direct 
proportion to the external field strength BO. M has a longitudinal component Mz (directed 
like BO) and a transverse component Mxy (in the orthogonal plane to BO). The MR 
receiver coils are oriented such that only the component Mxy induces a measurable 
signal. 
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Figure 11: Frames of reference in MR imaging: (a) stationary 
frame (b) rotating frame 
(Acharya, Wasserman et al. 1995) 
During the imaging process RF pulses, i. e. a second external magnetic 
field, denoted B I, 
modify M. If B, oscillates at the 
Larmor frequency, M will mutate from its equilibrium 
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alignment along z axis to a perpendicular direction. The Figure II shows the change of M 
both in a stationary frame and in a rotating frame which rotates at the Larmor frequency. 
Pulse sequences can be employed to extract different information from tissues. When the 
RF pulse is switched off, the M is again influenced by BO and it tries to realign with it. In 
order to do so, the net magnetization vector must lose the energy given to it by the RF 
pulse. The process by which the vector M loses this energy is called relaxation: as 
relaxation occurs, the net magnetic vector returns to realign with Bo. The amount of 
magnetisation in the longitudinal plane gradually increases. This is called recovery and is 
characterised by a time constant called TI. The amount of magnetisation in the transverse 
plane gradually decreases. This is called decay and is characterized by a time constant 
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Figure 12: Visualization of T2 and TI in MRI (Acharya, Wasserman et al. 1995) 
In the human body, fat and water produce two extremes of contrast in MRI due to their 
molecular structure and the elements that are linked to their respective 
hydrogen 
molecules. TI and T2 times are different in fat and water: 
fat has short TI and T2, while 
water has long TI and T2. This leads to three types of contrast mechanisms: 
TI contrast, based on the difference in recovery time 
between water and fat; 
0 T2 contrast, based on the difference 
in decay time between water and fat; 
* Proton density, based on the 
dissimilarity in the proton densities of various 
tissues. 
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Varied combination of RF pulses and timing relationships constitutes a MR pulse 
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Figure 13: Visualization of TR and TE in MRI (Acharya, Wasserman et al. 1995) 
In order to control the contrast in the MRI image, the application of RF pulses is 
governed by two main parameters: 
- TR, repetition time, which is the time from the application of one RF pulse to the 
application of the next RF pulse and determines the amount of relaxation that is 
allowed to occur between the two pulses; therefore the TR determines the amount of 
TI relaxation that has occurred. 
TE, echo time, which is the time from the application of the RF pulse to the peak of 
the signal induced in the coil; the TE determines how much decay of transverse 
magnetisation is allowed to occur before the signal is read. Therefore it controls the 
amount of T2 relaxation that has occurred (see Figure 13) (Westbrook and 
Kaut 
1998). 
Several kinds of images, depending on the scanning parameters, can 
be created (from 
Siemens, MR GLOSSARY, (2001)): 
0 TRUEFISP (fast imaging with steady state precession): 
it is based on a gradient 
echo sequence that provides the 
highest signal of all steady state sequences. 
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Contrast is a function of the ratio TI/T2. With short TR and short TE, the TI 
portion remains constant and the images are primarily T2 weighted. 
TSE (turbo spin-echo): it is a fast multi-echo sequence; every echo of the pulse 
train has different phase encoding (method for the creation of the final image 
matrix). This improves resolution. 
TOF (time of flight) - the flow of non-saturated fully relaxed blood into the slice 
generates a high signal. By comparison, stationary spins are partially saturated 
and generate relatively low signal intensity. 
o HASTE (half-fourier acquisition single-shot turbo spin-echo) - it is a Turbo spin 
echo technique and is used for sequential acquisition of high resolution T2 
weighted images. All image information is obtained after a single excitation pulse. 
Echoes are generated by a subsequent 180' pulse. The image is obtained after a 
half - Fourier reconstruction. 
e PC MRA (phase contrast magnetic resonance angiogram) - phase contrast 
angiography: it relies on specific physical characteristics of the blood, for instance 
the magnetization status or local velocity. Only flowing spins contribute to the 
signal, the contrast in the image is proportional to the local flow velocity. 
* DS MRA (digital subtraction magnetic resonance angiogram) - two images are 
used for this technique: a systolic image (fast flow) and a diastolic image (slow 
flow). The two images are then subtracted to remove the signal from stationary 
spins, leaving behind an image of only the moving spins. 
2.4.2 Computed Tomography 
X-ray based imaging has been used by physicians for long time 
for non-invasive medical 
diagnostics. The patient is placed in front of a x-ray source; the principle of this 
type of 
scan is that each x-ray incident on the patient 
is attenuated by the tissues it passes 
through. Different tissues are ýcharacterised 
by different levels of attenuation. 
Conventional radiology provides a 2D projection of a 
3D object, while computed 
tomography uses multiple 2D projections of 
the patient's body that contain information 
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on line integrals of tissue densities along multiple paths. CT angiography is performed 
using a spiral or helical CT scanner (Figure 14). In computer tomography (CT), the x-ray 
tube is rotated around the patient as the patient is moved through the scanner, so tracing a 
spiral path relative to the patient. The x-rays are collected by an array of detectors. Using 
a computer, the intensity of the x-ray beam recorded at each angle is constructed 
mathematically to form a two-dimensional cross-section or "slice". The slices made along 
an axis can be interpolated to create a three-dimensional image of internal body structure. 
Three-dimensional images provide the aneurysm size and shape along its entire length. 
Vascular surgeons routinely send aneurysm patients to CT scans to diagnose, monitor, or 
to obtain updated images prior to surgery. Hence, CT is most commonly used for this 
purpose. However, radiation and use of contrast agents warrant consideration of 
alternative imaging methods, especially for periodic routine surveillance. 
If ýL(x, y, z) is the tissue density at a point, the integral of the density over a line provides 
information about the attenuation experienced by an x-ray passing along that path. The 
most commonly used algorithm is the filtered back projection algorithm, by which the 
one dimensional projections measured at multiple angles are reconstructed into the final 
slice matrix: at the end of the scanning process, the output of the gantry is 
g=g (n, 0) = 
fu(x, y, z) - dL 
Where n is an integer indicating a sensor element in the x-ray detector array and 
T is the 
angular position of the gantry. The first step of the algorithm 
is using a low pass filter 
h(n) on the output of the machine: 
^ (n, 0) g (n, 0) x h(n) g 
Where x is the convolution operator; then the content of 
the g(n, T) dataset is back- 




(x, y)= f ^(x cos 0+ ysin0,0). d0 
The final output is an array of 2D matrices containing reconstructed voxel data points: in 
the case of CT each of the image slices has a certain thickness and each element of the 
matrix of the reconstructed slice represents the tissue density in the analyzed volume 
element. 
2.4.3 Summary on the type of images used in this project b 
Aneurysms are screened in the medical practice with different modalities, having each 
advantages and drawbacks. For the present work clinical image sets were acquired using 
MRI and CT techniques, according to the centre where the images were acquired. The 
main advantages of MRI images are the presence of good soft tissue contrast and the 
possibility of performing cardiac gating and the acquisition of velocity data; however, CT 
images usually provide better image resolution and lower inter-slice distance. In terms of 
wall segmentation, MRI normally provides 
better contrast between thrombus and arterial 
wall though the boundary between the two 
layers is often blurred. CT provides a good 
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Figure 14: Computed Tomography scanner 
guess for the distinction of the boundary when calcifications are present. CT is routinely 
performed on TAA and AAA patients since the cost for the scan is moderate and allows 
quick time for examination; MRI provides a larger amount of information due to the 
availability of a number of sequences and can provide better insight on the specific 
features of each patient. No major differences were found in the use of either type of 
images for the reconstruction of aneurysms in the descending aorta; the higher versatility 
of MRI was found useful for the creation of aortic arch models, for which a special 
imaging protocol was employed to achieve a good definition of the arch geometry. A 
comparison of the different MRI sequences employed for this work is given in chapter 
2.4. 
2.5 Blood properties 
The blood is a suspension of formed elements in plasma. The formed elements, which 
normally occupy about 45% by volume in blood, are the red cells, white cells and 
platelets. 
The plasma is a solution of large molecules, but on the scales of motion and at the rates of 
shear normally encountered in the blood vessels, it can be regarded as a homogeneous 
Newtonian fluid, with a viscosity of 1.2-1.6 mPa-s at body temperature. 
Whole blood cannot be regarded as a homogeneous fluid in the smallest blood vessels, 
because the diameters and spacing of red cells are comparable with capillary diameters. 
However, in vessels whose diameters exceed 100 micron, blood can be regarded as 
effectively homogeneous, because the scale of the microstructure is much smaller than 
that of the flow. 
It was found that the viscosity of the blood is shear independent for high values of shear 
(shear value S>100 s-1). Physiologically the shear rate of the blood in the large vessels is 
much higher close to the wall, but it decreases close to the centreline of the vessel and 
in 
region of re-circulating flow. Furthermore, it varies 
during the cardiac cycle and can fall 
under the threshold value. Any way 
it is not clear how to assess the importance of 
temporarily non Newtonian blood on unsteady arterial fluid dynamics (Pedley 1980). 
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The blood, considered as a homogeneous Newtonian fluid, has a density of 1.05- 103 
kg/M3 and a viscosity of 4 mPa-s at 37 OC (for shear rate s> 100 s-1). The viscosity can 
be calculated from the equation. 
Ps = flp - (I + 2.5 - Ht) (9) 
where ýtp is the viscosity of the plasma and Ht is the blood hernatocrit (Pedley 1980; 
Hoskins 2007). The assumption of Newtonian properties for the blood has been analyzed 
in the literature and, in a comparison study between the wall shear stress pattern in case 
of non Newtonian versus Newtonian blood model, it was found that the overall wall shear 
stress pattern was preserved when the assumption of Newtonian behaviour was 
performed (Steinman 2002). Under the assumption that blood is an incompressible 
Newtonian fluid, its motion in large arteries is governed by the continuity and momentum 
equations: 
V. u=O 




where u is the velocity vector, p is the density, ýt is the viscosity and B is the body force 
vector. 
Defining characteristic reference magnitudes velocity V, length L, pressure po and 
fundamental harmonic frequency co, the momentum equation can be non- 
dimensionalised as follows (omitting the body force): 
2. a2 aU +V. (U. U)=-Eu-VP+ 
I. V2U 
)r-Re at Re 















where v is the kinematic viscosity (v= ýt / p). 
Reynolds number is defined as the ratio of inertial to viscous forces in a flow, so that 
when it becomes sufficiently large, laminar flow breaks down and an apparently chaotic 
flow regime takes place, i. e. turbulent flow. 
For low values of a (<I), the flow resembles Poiseuille flow. The pressure gradient is in 
phase with the velocity, and the flow is almost steady. However, with increasing values 
of ot, the profiles in the middle of the vessel become increasingly flat. The fluid flow may 
then be regarded as approximately irrotational and surrounded by a thin boundary layer 
near the vessel wall. (Wood 1999) (Figure 15). 
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The transition of pulsatile arterial flow from laminar to turbulent depends on both 
Reynolds number and Womersley number: Nerem et al (Nerem, Seed et al. 1971) found 
that turbulence in canine aorta was associated with the deceleration of the flow after peak 
systole. They characterized the onset of turbulence with the apparently unstable velocity 
profiles induced by the adverse pressure gradient at this point in the cycle, and observed 
that the boundary of demarcation between undisturbed and highly disturbed flow 
followed approximately a straight line defined by 
Re. = K. a (16) 
where K was 150 for the ascending and 250 for the descending aorta. Thus, for pulsatile 
flow in the aorta, the unsteadiness appeared to mediate the influence of Reynolds number 
on transition; the higher the value of (x, the higher the critical Re. This equation was not 
valid when oc tended to 0 (Wood 1999). 
Akhavan et al (Akhavan, Kamm et al. 1991a; Akhavan, Kamm et al. 1991b) applied a 
model previously designed for steady flow to pulsatile flow in pipes, and found a critical 
value for the Reynolds number based on Stokes layer thickness 
2 
Re'5 =U-= 500 (17) cv. 60 
Comparing this result with that of Nerern et al, it is possible to see that 
Re'5 -K (18) c V2 
Wood (Wood 1999) attributed this difference in result to a greater disturbance in the aorta 
than in the laboratory experiments. These results have been used in this work to perform 
the choice of the flow model for the aneurysm patients (see chapter 5.3). 
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2.6 Mechanical Properties of the aortic wall 
2.6.1 Healthy aorta properties 
The vascular wall is mainly governed by the mechanical behaviour of the elastic laminae 
and fibers, which are relatively extensible rubber-like sheets at low pressures (Roach and 
Burton 1957); on the other hand, at high pressure the behaviour of the vascular wall is 
highly nonlinear and anisotropic which is ascribed to the collagen in the wall. These two 
phases caused by the histological structure are physiologically and pathologically 
relevant and particularly pronounced in the circumferential stress-strain curves of elastic 
arteries (see Figure 16). 





Figure 16: Stress- elongation curves for the artery (from Pietrabissa 1996) 
The arterial wall shows hysteresis when it is subjected to cyclic loading and unloading 
and presents creep and stress relaxation when stress or strain are maintained constant. 
Furthermore, arteries are anisotropic; the properties in the longitudinal direction are 
different from those in the circumferential and radial directions. 
Fung et al. (Fung, Fronek et al. 1979) analyzed the behaviour of the arterial wall during 
biaxial tests. They assumed that the wall thickness was thin enough to justify some 
simplifying assumptions with regard to stress distribution, in particular that the stress 
in 




circumferential direction cy, and that the stresses cytt and cy, were approximately uniform 
throughout the wall thickness (r, t and z are for radial, circumferential and axial 
coordinates, in a cylindrical polar frame of reference with the axis located at the centre of 
the tube). 
Assuming that there is a one-to-one relationship between stresses and strains, then the 
theory of elasticity shows that there exists a strain energy function from which stresses 
can be computed from the strains by differentiation. Let W be the strain energy per unit 
mass of the tissue and po be the mass density (mass per unit of volume) in the initial 
unloaded relaxed state. Then poW is the strain energy per unit volume of the tissue in the 
initial state. Let W be expressed in terms of the nine strain components Eij (i=1.. 3, j=IA) 
and be written in a form that is symmetric in the symmetric components Eij and Ejj. The 
nine strain components are treated as independent variables when partial derivatives of 





Where Sij are the components of the Kirchhoff stress tensor (see below). For a rectangular 
plate (see Figure 17), the quantities are defined as 
, ý, =4 40 
Sil - 
Po 
'1F, Äý L2 h 
EI pý - 1) 
(20) _ý2 = 
L2 
(21) Principal stretch ratios L20 
IF Stress defined in the sense o (22) S22 2 (23) 




Strain defined in the sense of 
2 Green and De St. Venant 
With po, LIO, L20 referring to the unloaded dimensions of the plate and F, and F2 the 







Figure 17: Forces on a rectangular plate 
F2 
Fung et al. used an exponential function todefine a form for the strain energy function: 
Pow =c exp a E' +a E2 +2a EE 21 &0 2 zz 4 &0 zz 
(26) 
where C, a,, a2, a4 are material constants. They tested the ability of the law to fit the 
experimental data of a single specimen over the full range of strains of interest and the 
usefulness of the parameters in distinguishing the members of a family of stress-strain 
curves coming from the same arterial tree. They used rabbit carotid arteries and found 
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Figure 18: Correlation between experimental values and theoretical values 
from equation 26 (Fung, Fronek et al. 1979) 
Holzapfel et al. (Holzapfel and Weizsacker 1998) described a more complicated version 
of the strain energy function: this is composed of an isotropic contribution specified by 
the classical Hookean material strain energy function, and a second term which refers to 
the potential defined by Fung et al. 
T=T +T =c, (I -3)+ C2[ exp 
(a, E2+aE2+ 2a EE2)-I] (27) iso aniso c1224 
where c 1, C2, a,, a2, a4 are material constants, El, 
E2 are Green-Lagrange strains in the 
principal directions and 
I=22 
is derived from the principal stretches. 
(28) 
A recent work by Vande Geest et al. (Vande Geest, Sacks et al. 2004) used a different 
version of the exponential strain energy function provided by Fung et al. 
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And c, A,, A2, A3 are material parameters. Their study focused on the age dependency of 
the material properties of abdominal aorta (AA) strips: they showed that the behaviour of 
AA strips was well captured by their model (equation 29,30) for groups of patients aged 
over 30, while patients younger than 30 followed the Rivlin-type polynomial strain 
energy function, defined as 
W=I: lDi - 3)' 11 - 3)i (31) 
(IB (B 
i=o j=o 
Where B is the left Cauchy green tensor andIBandIlBare the first and second invariants, 
defined as 
IB= trB (32) 
(trB )2 _ trB 2 (33) 
2 
This suggested a possible age-dependent shift in the mechanical response of the aortic 
tissue. 
2.6.2 Mechanical properties of the aneurismal wall 
The mechanical characteristics of the aneurismal wall are different from those of the 
healthy aorta. Several studies have reported that the aneurysm formation is associated 
with stiffening and weakening of the aortic wall, for both TAA and AAA (Bengtsson, 
Sonesson et al. 1996; Vorp, Schiro et al. 2003), and that the aneurismal wall is 
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heterogeneous, orthotropic and undergoes large deformation under the effect of the blood 
pressure (Raghavan 1998). 
In vivo calculation of AAA wall stiffness was performed by Sonesson et al (Sonesson, 
Sandgren et a]. 1999), who monitored a group of 285 patients for 7 years. The calculation 
of the stiffness was performed using an exponential relationship between the logarithmic 
difference of systolic to diastolic pressure and the circumferential strain. They found that 
no difference in stiffness was present between ruptured and non-ruptured aneurysms and 
that the ruptured AAAs showed increase of diameter over time. A similar method was 
used by Lnne et al (Lnne, Stale et al. 1992) who showed that patients having AAAs 
reported higher wall stiffness in comparison with control patients. 
Most studies report calculation of aneurysm material properties from ex-vivo wall tensile 
testing of abdominal aneurysms. Only limited studies report the properties of TAA 
material, although the methodology used is the same. The main study on this subject was 
published by Raghavan et al in 1999 with an aim to develop a finite strain constitutive 
model for AAA strips from a group of 69 aneurysm specimens. They assumed that the 
wall was homogeneous, incompressible and isotropic, so that the strain energy function 




W is the strain energy function andlB andlIB are the first and second invariants defined 
in equation 32 and 33. 







where T is the Cauchy stress tensor, p is the hydrostatic pressure and I is the identity 
tensor. They assumed thatW -': -- 
W(IB) and found from the experimental data (retrieved in 
case of uniaxial load) that the derivative of W in respectOf lBvaried linearly with(IB-3) 
(see Figure 19), therefore 
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dW 
= a+ 2, #(, B-3) (36) dIB 
and 
W= a(IB-3)+ 18(, B-3)2 (37) 
The results yielded the constitutive model for the uniaxial extension: 
T =[2a+4,8 
(A2 
+ 2A-'- 3)] - 
(A 2_ A-1 ) (38) 
where a and P are constants derived from experimental data, T is the Cauchy stress and k 
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Figure 19: Experimentally determined relation between the first derivative of the strain energy and 
the first invariant of the strain tensor for an AAA strip specimen (from Raghavan et al 1999) 
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Other studies by the same group showed that AAA wall strength was not related to the 
maximum diameter and aneurysm rupture was associated with aortic wall weakening, 
wall thickening but not with wall stiffening (Di Martino, Bohra et al. 2006). 
The biaxial behaviour of the abdominal aorta affected by aneurysm was analyzed by 
Vande Geest et al (Vande Geest, Sacks et al. 2006), who assumed an exponential form 
for the strain energy function, previously used for canine pericardium: 
b2 , Ego 
2 b2EIL 
W=bo e2 +e 2 +e 
b3E, 90ELL 
-3 (39) 
A comparison between the strain energy function model of Raghavan and Vande Geest's 
studies is shown in Figure 20. The uniaxial response of AAA tissue is stiffer in the lower 














Figure 20: Comparison of the strain energy functions between isotropic relation (Raghavan et al, 
2000) and anisotropic relation (Vorp et al, 2ý005) for AAA. E is equibiwdal strain. 
The model by Raghavan et al. (Raghavan and Vorp 2000) was adjusted by Vorp et al. 
(Vorp, Schiro et al. 2003) in order to make it fit the characteristics of a group of thoracic 
aorta strips tested with a loading machine. Longitudinal (LONG) and circumferential 
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Oý05 0.10 
(CIRC) strips of ascending TAA tissue were extracted from a group of 26 patients. 
LONG-oriented tissue showed to be stiffer than CIRC-oriented tissue; wall strength 
showed not to be related to diameter in either direction. They found that the TAA 
material was constitutively anisotropic; therefore the characterization of this material 
should be performed using biaxial tests. Figure 21 shows the values found in this work 
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Figure 21: Material properties for TAA (from Vorp et al, 2000) 
Similar conclusions about the anisotropy of thoracic aneurysm strips were drawn by 
Fukui et al (2003) who performed biaxial testing on 29 thoracic aorta specimens obtained 
from 18 patients. Fung's function (Fung, Fronek et al. 1979) for material anisotropy was 
used to model the TAA behaviour: the specimen behaviour seemed to be isotropic under 
biaxial stretch and equibiaxial strain state, but it became anisotropic in equibiaxial stress 
state (Figure 22). They concluded that the aneurysm tissue could becme more anisotropic 
as it stiffened, and that those specimens where the exact direction of the fibres was 
retrievable showed that the wall was stiffer circumferenti ally than longitudinally, in a 
similar way to what found by Thubrikar et al. (Thubrikar, Labrosse et al. 2001) for AAA 
wall. 
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Figure 22: Anisotropic material properties for TAA: stress-strain curve under biaxial stretch (left), 
stress train curve under equibiaxial strain state (center), stress-strain euve for the equibiaxial stress 
state (right) 
The constitutive model for the ILT was derived by Wang et al. using uniaxial tensile 
testing carried out on 50 specimens, including 14 longitudinally oriented and 14 
circurnferentially oriented from the lurninal region, and II longitudinally oriented and II 
circumferenti ally oriented for the medial region. Using a similar methodology to that 
used by Raghavan and Vorp, a two parameter hyperelastic constitutive model was 
developed to model the uniaxial behaviour: in this case, the assumption was W--': W(IIB) 
and the resulting equation for the uniaxial tension case was 
T=2[c, +2 2A+ A- C2 (40) 
No significant difference was found for either of the two material parameters between 
longitudinal and circumferential directions. A significant difference in material 
parameters, stiffness and strength was found between lurninal and medial regions of the 
thrombus layer. Therefore they concluded that ILT was an inhomogeneous and possibly 
isotropic material. The assumption of incompressibility was declared by Vorp et al. in 
1996 (Vorp, Raghavan et al. 1996), when a study on the compliance of AAAs showed a 
minimal difference between the ILT cross-sectional area at systole and diastole. Di 
Martino and Vorp (Di Martino and Vorp 2003) demonstrated that the inhomogeneous 
characteristics of ILT could be neglected in computational models, since the use of 




distribution, and had minimal effect on the stress levels. They also showed that 
population mean parameters could be used to reasonably estimate the wall stresses in 
patient- specific aneurysm models, since the variation in peak stress in models having 
different ILT properties (varying in a physiological range) would yield a peak stress 
variation of only 5%. 
The study by Thubrikar et al. (Thubrikar, Robicsek et al. 2003) showed that the 
deployment of the thrombus from excised AAAs caused an increase of dilation when 
inflated to 100 mm_Hg and proposed a mechanical model for the thrombus as "a fiber 
network adherent to the aneurysm wall". 
Vande Geest et al. (Vande Geest, Sacks et al. 2006) analyzed the biaxial behaviour of the 
luminal layer of ILT using planar biaxial testing on the lun-ýinal layer of nine ILT 
specimens obtained fresh from operating rooms. They concluded that the use of an 
isotropic strain energy function for ILT was appropriate, but a constitutive relation where 
the strain energy function depends only on the first invariant of the Cauchy-Green strain 
energy tensor would be more appropriate, since the uniaxial model overestimates the 
energy of the loaded configuration. 
A recent study (van Dam, Dams et al. 2006) has analyzed the applicability of viscoelastic 
properties to thrombus tissue: subdividing the population into two subgroups, discrete 
transition thrombi (where the layers are not attached to each other or weakly attached) 
and continuous transition thrombi (where strongly attached layers with gradual change of 
the structure are present), it was shown that for the first type of thrombus the elastic shear 
modulus was different between the layers while for the second type there was a gradual 
change. In a later work by the same group, stress relaxation experiments were performed 
over a number of thrombus samples taken from seven patients undergoing surgical AAA 
repair; the variation of the mechanical properties in different layers of the same sample 
were found to be of the same order of the inter-patient variation. Therefore the same 
material parameters can be used for a population of patients (as stated by Di Martino and 
Vorp). A simpler model (Kelvin model for viscoelastic materials) was implemented by 
Boschetti et al (Boschetti 2007) using strain-dependent parameters (Young's modulus 
and Darcy's permeability) and good agreement was found between experimental data and 
simulated results. 
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Table 3 provides a summary of the material models employed for the TAA patients in 
this study. The choice of these models was due to the easy implementation in ADINA 
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a= 100 KPa 
0= 530 KPa 
cl = 28 KPa 
C2 -, 28.6 KPa 
Table 3: Summary of the material models for the TAA patients. 
2.7 Computational modelling 
Local haemodynamic factors and biornechanical forces in arteries have been recognized 
as very important factors in the development of pathologies such as atherosclerosis, 
stroke and aneurysm for several decades (Fry 1969; Pedley 1980; DeBakey, Lawrie et al. 
1985; Wood, Weston et al. 2001). The use of numerical simulation has advanced the 
research from a retrospective study of the diseases (idealized, averaged haemodynamic 
models or post-mortem measurements) to a prospective study that permits the use of 
indices and measurements that are directly correlated to subject-specific conditions 
(Steinman 2002). 
The assumption based on the mathematical modelling of the blood circulatory system is 
that it is composed by a mechanical system driven by a pump attached to a closed 
hydraulic circuit. The analysis of biornechanical factors, such as wall stress and shear 
forces, have shown that cells can sense and respond to biornechanical environments, as 
seen in atherosclerosis (Ku, Giddens et al. 1985) and aneurysm development (Fillinger, 
Marra et al. 2003). 
The validation of these methodologies has been performed in several studies, where the 
CFD prediction of flow and shear stress were compared with those obtained from 
phantom and model studies (Weston, Wood et al. 1998; Glor, Westenberg et al. 2002; 
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Augst, Barratt et al. 2003; Glor, Long et al. 2003) and eventually with in vivo validation 
of the models (Zhao, Xu et al. 2000; Wood, Weston et al. 2001; Cheong 2004). 
Many authors have studied the fluid dynamics in arteries and wall stress in arterial 
models. The most recent studies combine fluid dynamics with structural analysis using 
FSI (fluid-solid interaction) simulations. The study of aneurysm mechanics has been 
performed in past both with CFD models, in order to analyze the flow pattern and shear 
stresses occurring inside the aneurismal bulge, and structural models that show the 
influence of geometry and composition on the stress pattern on the aneurysm wall. 
Currently, no method is available to measure wall stress and wall shear stress non- 
invasively, therefore numerical methods are of great importance for the evaluation of 
rupture risk for aortic aneurysms. 
2.7.1 Fluid models of aneurysms 
For the study of flow in aneurysms, different kinds of models have been used in order to 
investigate the effect of the flow conditions in terms of shear stress and pressure on the 
wall. 
Common features are present in the studies in the literature: Taylor et al. (Taylor and 
Yamaguchi 1994) and Finol et al. (Finol, Keyhani et al. 2003) analysed the effects of the 
asymmetric shape on the fluid dynamics within aneurysm models. The former focused on 
the differences between pulsatile and steady flow simulations, and concluded that careful 
choice should to be made since the results could be very different. The latter pointed out 
the presence of four different phases in the cardiac cycle with different flow 
characteristics and extrapolated a relationship between the degree of asymmetry and the 
maximum shear rate. 
The work by Finol and Amon (Finol and Amon 2001) used the spectral element method 
to investigate the flow in a model with two aneurysms. The results showed different 
vortices along the shape during a cycle and indicated that the converging regions 
in 
aneurysms were cyclically exposed to high and 
low hemodynamic wall stress, in terms of 
both pressure, wall shear stress and wall shear stress gradient 
(WSSG), defined as 
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where t and n are the tangential and normal directions to the wall. 
The work by Bluestein et al. (Bluestein, Niu et al. 1996) analyzed the correlation between 
fluid dynamics and blood platelet deposition using both numerical and experimental 
methods. After validation of the fluid dynamics with Digital Particle Imaging 
Velocimetry (DPIV), the deposition of platelets in a phantom was correlated with the 
velocity pattern obtained from simulations. The results showed that platelets with 
elevated shear histories and higher incidence of activation were deposited to the wall in 
areas of low wall shear stress. The presence of turbulence altered dramatically the 
condition of platelet deposition making it more spread along the aneurysm shape. 
The work by Finol et al. (Finol, Amon et al. ) and Leung et al. (Leung, Wright et al. 2004) 
used patient- specific models for the numerical simulations of blood flow. The results 
showed that the main flow features found in idealised aneurysm models could also be 
observed in realistic patient models. The presence of flow separation and recirculation 
was more evident in patient- specific cases, as was the degree of asymmetry due to the 
physiological features. The authors concluded that the use of patient-specific geometry 
provided more physiologically relevant data about the fluid dynamics within aneurismal 
patients. 
Larninar now assumption was used in most studies of AAA: Peattie et al. (Peattie, Riehle 
et al. 2004) analyzed velocity patterns in AAA casts with different dimensions, and found 
that larger bulges induced the appearance of turbulence with higher wall shear stress and 
instability occurred mainly at the centre of the bulge. Egelhoff et al (Egelhoff, Budwig et 
al. 1999) showed that blood flow was laminar even during exercise in axisymmetric AAA 
models; turbulence was found in moderate sized aneurysms between early and late 
diastole. 
Khanafer et al analyzed an axisymmetric model of AAA using finite element method, in 
order to compare the results using Newtonian and non-Newtonian properties 
for the 
blood. Their results showed that the flow pattern was significantly affected by the use of 
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non-Newtonian model and that the maximum shear stress for the non-Newtonian model 
was greater (with a maximum difference of 26.7% at peak flow). However, the impact of 
non-Newtonian characteristics on the pressure pattern was found to be negligible under 
resting conditions. 
2.7.2 Structural models of aneurysms 
The first study in which aneurysms were analysed from the mechanical point of view was 
performed by Stringfellow et al (Stringfellow, Lawrence et al. 1987), who applied the 
Law of Laplace to determine the wall stress in hypothetical models of AAA 
approximating its geometry as cylindrical or spherical. The first study where patient 
specific aneurysm models where created and analyzed was by Raghavan (Raghavan 
1998). His methodology was used in many other studies afterwards, such as Outten et al. 
(Outten, Kruse et al. 2003) , Thubrikar et al. (Thubrikar, al-Soudi et al. 2001), Fillinger et 
al. (Fillinger, Marra et al. 2003) and Venkatasubramaniam et al. (Venkatasubramaniam, 
Fagan et al. 2004) who analyzed the stress patterns in patient-specific models of 
aneurysms. The first two analyzed single patients, reconstructing the geometry of 
abdominal aneurysms from CT images. Outten et al. used the images of a patient scanned 
just one hour before the rupture. The analysis showed the location of highest stress agreed 
with the point where the rupture occurred, suggesting a possible correlation between wall 
stress distribution and site of rupture. 
63 




Figure 23: Finite element model of abdominal aneurysm; the arrow shows the area of maximum 
stress, which matches with the point of rupture (from Outten et al, 2003) 
Fillinger et al. (2003) and Venkatasubramaniam et al. (2004) analyzed groups of patients 
with similar features. Venkatasubramaniam et al. took into account both ruptured and 
non-ruptured aneurysms and showed that the maximum stress was significantly higher in 
the ruptured than in the non-ruptured aneurysms. In all cases the rupture site correlated 
with the area of maximum stress. Fillinger et al. carried out a statistical survey of 103 
patients and concluded that the peak wall stress had greater sensitivity (94%) for 
predicting rupture than the maximum diameter (81%), so that wall stress was a better 
parameter to differentiate patients with rupture outcome. In Figure 24 it is possible to see 
the abdominal aneurysms of two different patients, presenting the same maximum 
diameter (5.5 cm) but with very different stress levels (77.48 N/cM2 versus 33.31 N/cM2). 
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Figure 24: Comparison of two abdominal aneurysms having the same maximum diameter: the 
patient on the left ruptured a few months after the scan, the patient on the right is still under 
observation (from Fillinger et al, 2003) 
The presence of ILT has been included in a number of studies and its effect remains 
controversial: computational studies state that ILT has a protective effect on the aortic 
wall (Mower, Quinones et al. 1997; Di Martino, Mantero et al. 1998; Wang, Makaroun et 
al. 2002). In Wang's work, the inclusion of ILT in patient-specific aneurysm models 
caused a decrease in peak wall stress of up to 32%. However, Schurink et al (Schurink, 
van Baalen et al. 2000) showed that the blood pressure was transferred completely from 
the lumen to the wall, despite the presence of thick ILT. Thubrikar et al (Thubrikar, 
Robicsek et al. 2003) performed an experimental study using two freshly excised 
aneurysms in order to investigate the effect of thrombus on the behaviour of the AAA 
when an internal pressure is exerted (Figure 25). The aneurysms were inflated from 0 to 
100 mmHg twice, before and after thrombus deployment. The results of the experiments 
showed a marked decrease of the strain of the aneurysm when the thrombus was present, 
suggesting that the thrombus prevented the aneurysm from rupture by diminishing the 
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Figure 25: Experimental setup to observe the behaviour of excised AAA under internal pressure 
(from Thubrikare et al 2003) 
2.7.3 FSI models of aneurysm 
In a limited number of studies, the flow and stress calculations for aneurysm models were 
coupled using fluid-solid interaction techniques. The effect of dynamic interactions 
between blood flow and wall motion in AAAs has been investigated and the first such 
work was performed by Di Martino et al. (Di Martino, Guadagni et al. 2001), who 
analyzed the complex stress pattern and fluid dynamics in a patient-specific aneurysm 
model. Later studies evaluated the importance of coupled fluid structure interaction (FSI) 
for calculating the stress pattern in patient- specific aneurysm models. In this respect, 
different opinions are present in the literature: Leung et al. (2006) and Wolters et al. 
(Wolters, Rutten et al. 2005; Leung, Wright et al. 2006) state that little change in stress 
(around 0.1%) is caused by the presence of flow inside the aneurysm, and that the flow 
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induced pressure variation is negligible in comparison with the pulse pressure applied in 
the aneurysm model. Scotti et al. (Scotti, Shkolnik et al. 2005) instead point out that 
static solid models may underestimate the stress by 10 to 30%, especially if the aneurysm 
is modelled using variable wall thickness; Papaharilaou et al. (Papaharilaou, Ekaterinaris 
et al. 2006) draw similar conclusions using a decoupled approach, showing that isolated 
static structural stress analysis captures the main features of the stress distribution but 
underestimates the magnitude of the peak wall stress by approximately 12%. 
The interaction of the aneurysm sac with a stent-graft positioned inside the bulge was 
analyzed by Li and Kleinstreuer (Li and Kleinstreuer 2005; Li and Kleinstreuer 2006): 
their results show that the sac pressure is reduced significantly but remains non zero and 
transient and presented a way to calculate the drag force of the blood on the endovascular 
graft (Kleinstreuer, Li et al. 2007). 
In summary, the effectiveness of the inclusion of fluid-solid interaction in the analysis of 
the stress pattern of aneurysms is still disputed and therefore requires clarification. Due to 
the high computational cost of FSI simulation and the difficulty of coupling several 
codes, FSI wall stress analysis is generally impractical for large population clinical 
testing. It has been shown that switching from FSI to static structural analysis for 
aneurysms causes a reduction of computational from several weeks to minutes (Leung, 
Wright et al. 2006). 
A study on the effect of the inclusion of FSI in the simulation of thoracic aneurysms will 
be performed in chapter 5.3.2, where the results between fully coupled analysis of flow 
and stress patterns will be compared with those coming from static solid analysis of stress 
and rigid-wall calculation of flow patterns. 
2.7.4 Aortic arch models 
At present, no models on the aneurysm located in the aortic arch are available 
in the 
literature. Studies of the aortic arch have focused on the effect of the arch geometry on 
the flow patterns inside the aorta. Mori and Yamaguchi (Mori and 
Yamaguchi 2002) 
analyzed the effect of 3D distortion of the aortic arch on the 
blood flow, and observed 
that the distortion of the arch centreline could significantly affect the 
flow structure. The 
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study by Wood et al. (Wood, Weston et al. 2001) was concerned with the descending 
aorta, starting just distal to the left subclavian artery and ending in the mid thoracic 
region. The compliance of the aorta was not taken into account since the change in 
diameter was comparable to the resolution of the images, but it demonstrated the complex 
flow pattern originating in the arch (Kilner, Yang et al. 1993). The work by Shahcheraghi 
et al. (Shahcheraghi, Dwyer et al. 2002) focused on the flow pattern in the different 
regions of the aorta. The wall was assumed to be rigid. The results showed a close 
relationship between the site of atherosclerotic plaque development along the aortic arch 
and the presence of extrema (maxima or minima) in the wall shear stress and pressure. A 
similar study conduced by Schenkel et al. (Schenkel, Meyer et al. 2003) (based on a cast 
from post mortem aorta) compared the results of steady and unsteady simulation of blood 
flow in the aorta with a phantom model of the same shape. Very good agreement was 
found in the steady case, while the results in the unsteady case were unsatisfactory. The 
authors suggested the need for the inclusion of the elasticity of the aortic wall by flow- 
structure coupling. The same result was found by Jin et al. (Jin, Oshinski et al. 2003) in 
their work: imposing radial expansion-contraction and translational motion of the aortic 
wall of the descending aorta, they found that the agreement with the MR data was 
achieved only when full motion was included in the model. Morris et al (Morris, Delassus 
et al. 2005) compared the results of three models of aortic arch with different levels of 
simplification: they showed that the overall characteristics of the flow remained the same 
and all models showed skewed flow towards the inner wall at the aortic arch exit. 
U_ 
Few solid mechanics models are present in the literature, and most of them focus on the 
behaviour of the aorta in case of a car crash (Siegel, Yang et al. 2006). Fluid-solid 
interaction analysis of the aortic arch was performed by Gao et al. (Gao, Watanabe et al. 
2006), whose results showed the variation of mechanical stress along the outer wall of the 
arch during the cardiac cycle and found that the circumferential stresses varied in a 
similar way to that of the pressure. In their model, the stress was found to be higher in the 
media than in the intima and adventitia across the wall thickness. 
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CHAPTER 3: MATERIAL AND METHODS 
IMAGE PROCESSING 
3.1 Patient recruitment 
Due to the rarity of the TAA pathology, it was not possible to have access to a large 
number of patients. The patient data for this study were provided by the Royal Brompton 
Hospital London (RBH) and by the University Hospital Liege, in Belgium. The Royal 
Brompton Hospital provided clinical sets of MRI images acquired using a number of 
protocols. Three types of MRI image sets were used: 
HASTE (type A) (half Fourier single-shot turbo spin echo) 
CE MRA (type B) (contrast enhanced) 
PC Velo mapping (type Q (phase-contrast velocity imaging) 
Table 4 shows a summary of the MRI images used in this study. 
Patient I Patient 2 Patient 3 Patient 4 Patient 5 
Patient ID C28661 K01665 D17487 05/12289 06/24535 
Image 
A B C A B C A B C A B C A B Type 
Slice 
Thickness 6 1.5 8 6 1.5 8 6 1.5 8 6 2.7 8 6 1.3 
(mm) I I Number of 30 100 20 20 200 20 30 200 20 40 100 20 50 170 
images 
Inter-slice 
distance 6 0.8 - 12 0.8 - 6 0.8 - 6 0.8 - 6 1 
(mm) I I I 
TR (ms) 800 2.8 49 9,00 2.8 58 660 2.8 55 800 2.8 28 590 2.8 






1.04 2.8 23 
1 
1.04 41 42 1.19 
Pixel 
resolution 1.32 0.62 1.32 1.38 0.69 1.56 1.32 0.69 1.32 1.32 0.69 1.52 1.32 0.91 
(MM) 
Imaging 
Frequency 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 
(MHz) 
Table 4: Image summary tor patients 1-. t) 
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Figure 26 shows an example of type A images from Patient 1: the central image shows a 
frontal view of the arterial tree of the patient, centred on the TAA. The surrounding 
panels show cross-sectional images of the TAA acquired using CE-MRA protocol. Figure 
27 shows in a similar way cross-sectional images of the TAA of Patient I acquired using 
Type B (HASTE) sequence. Figure 28 shows samples of PC-Velo mapping images 





Figure 26: Cross sectional images of Patient 1 acquired using CE-MRA (the image orientation is 









Figure 28: Samples of PC-Velo mapping images acquired for Patient I at different times of the 
cardiac cycle (the dots on the curve show the instants of the acquisition); in each pair of images, the 
left figure is a magnitude image, while the right figure is a phase image) 
The acquisition of HASTE set of images is cardiac gated and the configuration of the 
aorta is relative to the diastolic part of the cardiac cycle. CE-MRA images acquisition is 
performed over the cardiac cycle and therefore the aorta shape is relative to an averaged 
configuration. 
To perform a comparison between the stress and flow patterns of a healthy aorta and 
those of the TAA patients, a healthy volunteer's descending aorta was scanned with the 
HASTE sequence. Images acquired at the RBH were for clinical use and they were not 
obtained specifically for research. Therefore the scanning time was kept low in order to 
avoid unnecessary stress for the patients. Because of this, the image resolution was rather 
poor and the number of slices for each set was low. In the case of the healthy volunteer, it 
was possible to experiment with different scanning time and other image factors in order 
to have a better resolution. For an accurate representation of the arterial geometry, both a 
high in-plane resolution (i. e. a small pixel size) and a good vertical resolution (i. e. a large 
number of slices available with small inter-slice distance) are necessary. To analyze the 
effect of decreasing the pixel size and increasing the number of slices, three image sets 
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were obtained for the subject: the image set CC I had the same specifics as those used for 
the patients; set CC2 had a smaller inter-slice distance (almost half of that in CCI); set 
CC3 was obtained using a smaller scanning window (hence higher in-plane resolution). 
CC3 was found to be more noisy due to reflection of the signal from part of the chest that 
was not included in the FOV (field of view) and the signal to noise ratio (SNR) decreased 
as explained by Thomas et al. (Thomas, Rutt et al. 2001). Table 5 summarises the images 
used for the study on the control case with relevant scan parameters. 
Control Case 
Set cc] CC2 CC3 
Image Type HASTE HASTE HASTE 
Slice Thickness (mm) 6 4 6 
Number of images 30 50 30 
Interslice distance 6 4 6 
TR (Ms) 700 700 700 
TE (ms) 42 46 45 
Pixel resolution (mm) 1.32 1.32 Oý97 
Imaging Frequency (MHz) 63.6 63 ý6 63.6 
Table 5: Summary of the images acquired for the control case 
centre), CC3 (on the right). 
Figure 29 shows a comparison between the three image sets corresponding to the same 
section. Image set CC2 seems to be more noisy in comparison with the set 
CCI because 
of the lower slice thickness, while in the image set 
CO the effect of "shouldering", due 
to the smaller ROI selected, is clear. 
The University Hospital of Liýge provided CT images for three patients which are 
included in this study. Table 6 shows a summary of the details about these sets. 
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Figure 29: Comparison between images acquired from the image set CCI (on the left), CC2 (in the 
Patient 6 Patient 7 Patient 8 
Patient ID 5310081 5221394 5095634 
Slice Thickness (mm) 5 2.5 2.5 
Number of images 130 690 390 
Pixel resolution (mm) 0.8 0.98 0.98 
Interslice distance (mm) 5 1.25 
Table 6: Summarv of CT imai! es for Patients 6 to 8 
1.5 
Comparing the inter-slice distance of the various image sets, it is obvious that CT images 
and CE MRA images provide much better vertical resolution in comparison with HASTE 
images. Only half of the slices for patients 7 and 8 were used, in order to reduce the 
difference in detail available among the patient sets. Figure 30 shows a sample of CT 
image for Patient 6, with the main anatomical structures indicated with arrows. 
Figure 30: Sample of CT image, relative to Patient 6 (with TAA located in the 
descending aorta. The 
main anatomical structures are indicated with arrows. 
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3.2 TAA geometry extraction from medical images 
3.2.1 Nature of digital images and image preparation 
The segmentation of MRI and CT images was performed in a similar way, due to the 
similar nature of the images provided by the two medical centres. Both image types were 
stored in DICOM format (Digital Imaging and Communication in Medicine). DICOM is 
a standard for handling, storing, printing, and transmitting information in medical 
imaging. Each file stores the digital images acquired during the scan and a record with 
details about the scan and patient information. A digital image consists of a matrix whose 
elements are numbers corresponding to the gray levels of the image. All the images used 
for this study are UINT16 type images: the values of a UINT16 range from 0 to 65535, 
with 0 corresponding to black while 65535 corresponding to white. Images are 
preprocessed numerically before performing the contour extraction by following the steps 
described below. 
* Image cropping 
The initial image covers a cross section of the whole chest, as shown in Figure 3 1. Since 
the region of interest (ROI) of the contour extraction is much smaller, the image is 
cropped and only the resulting sub-image is uploaded in the segmentation program. The 




Figure 31: Example of cropping; on the left whole CT image with cropping area highlighted in 
yellow, on the right cropped image. 
o Image filtering 
Noise in the images is due to the presence of magnetic and electric field of other 
appliances in the scanning room and to the internal noise of the scanner. Noise comes 
from random fluctuations in electric currents in the MR signal coils and in patient tissues. 
Ions such as Na, K ad Cl, are electrically charged particles carrying electric currents 
round the body, e. g. in nerve conduction. They generate fluctuating magnetic fields, 
inducing a noise voltage in the coil. A smaller anatomy coil, or phased array coils are 
usually the best way to reduce noise (McRobbie 2007). Post-acquisition, the noise can be 
partially removed using filters which are available in MATLAB and the use of these 
filters helps both the automatic and manual segmentation of the arterial contours. For this 
project, the median filter available through the MEDFILT2 function in MATLAB was 
used. Median filtering is a non-linear smoothing enhancement technique that smoothes 
images without edge blurring. The intensity of the pixel being processed is replaced by 
the median intensity of the neighborhood pixels: 
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f (x, y) = median tg (s, t) (42) (S'Oes, 
where g(s, t) is the neighbourhood of the pixel in (xy). For a 30 neighbourhood, the 
median will be the fifth largest intensity value. Median filters provide excellent noise 
reduction capabilities, with considerably less blurring than linear filters of similar size 
(Gonzalez and Woods 2002). Figure 32 shows an example of filtering of a MRI image 
treated with 5x5 median filter. 
Figure 32: Image filtering; on the left original image, on the right the result of the application of a 
5x5 median filter 
3.2.2 Image segmentation 
9 Semi-automatic segmentation of the lumen 
CE MRA is a type of image that shows very clearly the lumen boundaries thanks to the 
injection of contrast agent. It eliminates the signal of static tissues by means of a double 
sequence of acquisition before and after the injection of the contrast agent (Watanabe, 
Dohke et al. 2000). Unfortunately, this eliminates completely any information about the 
wall morphology and components in the aneurysm, therefore only the lumen shape can be 
retrieved from such a set of images. Showing so clearly the lumen boundary, this enables 
the use of automatic methods for the segmentation such as the region growing method. 
The region growing technique segments images via pixel aggregation, 
based on 
predefined criteria. A set of starting points, also known as seed points, 
has to be selected. 
The eight pixels around the seed points are examined and the properties that reflect the 
object membership are computed. Pixels that match the criterion are 
then appended to the 
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seed group. Selection of suitable properties to classify pixels into regions is based on the 
type of images. The results of segmentation will be different regions with homogeneous 
parameters that were used to reflect pixel membership. The various steps of region 
growing technique are shown in Figure 33. 
, 50 PO 
Image divided Extraction of the Initial image 
into regions contour Extraction of the point 
coordinates 
Figure 33: Steps of MR1 segmentation performed using Region Growing Method. 
To define the threshold, visual inspection of the images was performed; however a 
threshold value of 40 was used for all the subjects. To eliminate disturbance caused by 
image noise, a 30 median filter was applied on each image before segmentation. 
Manual segmentation of lumen and wall 
HASTE images used for this project are cardiac gated and acquired during diastole; 
therefore, it has been taken as reference configuration for patient geometries. HASTE 
images are suitable for the delineation of arterial wall and its composition (Jung, Lee et 
al. 2005; Hillenbrand, Jesberger et al. 2006). 
For these images, manual segmentation was performed for both the lumen and the outer 
wall geometry due to the lack of tissue contrast. Figure 34 shows an example of the 
segmentation of a HASTE image: the lumen contour is red whereas the outer wall is in 
blue. The segmentation for Patients 2 and 3 was checked by co-supervisor, Dr RH 
Mohiaddin, Consultant Radiologist, to ensure the correctness of the contour extraction. 
CT images provided by the Hospital of Li&ge were segmented in a similar way to that 
performed on HASTE images: on CT images calcifications can be used as good 
indication of the boundary between thrombus and wall. Dr James Leung (former PhD 
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student with experience of CT images of AAA) checked the segmentation for Patient 6. 
From both CT and MR images, the lumen and outer wall contours were extracted; Figure 
34 shows examples of image segmentation for both types of images. 
Figure 34: Manual image segmentation; on the left sample of MRI image segmentation, on the right 
sample of CT image segmentation. 
* Wall thickness retrieval, thrombus creations 
Both CT and MRI HASTE images provide good details about the lumen contour and a 
sufficient detail about the outer wall location. However, 6 of the 8 TAA patients used for 
this study present intra-luminal thrombus (ILT) in their aneurysms: due to the low 
contrast between arterial wall and ILT in both types of images, it was not possible to 
distinguish the wall from thrombus for every slice, therefore the wall was assumed to 
have a constant thickness along the entire aneurysms. The wall thickness was determined 
using an average value of 12 measurements made at sections where wall thickness was 
clearly defined (usually in the region where the thrombus was not present). An average 
wall thickness of 3.19±0.32 mm was found among these patients; this value is in the 
range of that found by Fukui et al in their experimental work (Fukui, Matsumoto et al. 
2005). 
To determine the inner wall contour, the outer wall was shrunk uniformly to match the 
measured wall thickness. Since an average value is used and the local wall thickness in 
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certain regions is lower than the average value, local adjustments are necessary where the 
radial distance between the wall and the lumen contours is smaller than the measured 
average wall thickness. This was achieved by introducing a special function which checks 
the radial distance between the newly formed inner wall and lumen contours against a 
specified threshold. If the distance is lower than the threshold value, the point on the 
inner wall contour will be moved outwards by a set distance. The detailed procedure can 
be summarized as follows: 
transformation of inner wall and lumen contours from Cartesian (XL-YL for the 
lumen and XT-YT inner wall) to polar coordinates (PL-OL for the lumen and PT-OT for the 
thrombus); 
identification of the points of the lumen that are contained in the angular portion 
defined by 
I OT- OLI <a (43) 
identification of the points that fail the minimum distance test 
PT - PL (44) 
readjustment of the radial coordinate PT of these points by adding to their original 
distance an adjustment distance c 
I- OT + 
I)OT 
- PT : -": J )OLI 
+C (45) 
transformation of the newly calculated points from polar coordinates (P'T-OT for 
the readjusted inner wall) to Cartesian coordinates (X'T-Y'T)- 
The parameters a, b and c were chosen in order to avoid overlapping between the final 
inner wall contour and the lumen after smoothing. 
The set of parameters used for the adjustment of the thrombus layer were chosen for each 
individual patient. The sensitivity of wall stress to the parameters was assessed on patient 
3: the values for the parameters chosen were a= 90 degrees, b=0.5 mm and c=0.8 mm. 
The parameters were varied by at least 20% (a ranging from 60 degrees to 120 degrees, b 
ranging from 0.4 mm to 0.6 mm and c ranging from 0.6mm to I mm) and the stress was 
calculated for each combination of values. The maximum difference between the stress of 
each combination and the initial case was 8.3%, the average stress difference due to the 
parameter variation was 4.4% and the overall stress pattern didn't change. 
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o Smoothin2 
Due to subject movement during the scan and the presence of errors in image processing 
and image reconstruction, the resulting shape of the TAA contains surface irregularities, 
such as sharp corners or kinks that can lead to inaccurate flow and stress calculation . 
The process for the contour smoothing was previously developed in this group and 
summarized by Cheong (Cheong 2004). As stated by Moore et al. (Moore, Steinman et 
al. 1999), models generated from unsmoothed MRI data could lead to large errors in the 
computed quantities and the creation of in vivo models require smoothing in order to 
obtain reliable results (Moore, Steinman et al. 1998). The main objective of the 
smoothing stage during the model creation is to avoid the creation of kinks in the final 
mesh that would lead to the calculation of artificially high stress. 
Therefore, smoothing was necessary to minimise spurious results. MATLAB routines 
were written to perform contour and surface smoothing, based on the use of smoothly- 
fitting polynomial curves: least square cubic splines. Given a set of data (x, y) and a 
specified smoothing parameter p the smoothing spline s is the curve that minimizes 
S 
(X (i)))2 +(I P). fD 2S . t2 - dt 
(46) 
from MATLAB Spline Toolbox User's Guide, (2001). P is a smoothing parameter which 
varies between 0 and I (I returns the original curve, while 0 gives a straight line). Three 
steps were performed to obtain the final shape of the TAA, and they are as follows: 
- contour smoothing 
Due to the nature of the medical images, the contour extraction, either automatic or 
manual, yields a kinky polygonal curve. To obtain a smooth contour, it is necessary to fit 
it with a cubic spline. This is done with the command csaps, available in MATLAB 
Spline Toolbox. The smoothing parameter controls the smoothness of the final curve, and 
was chosen according to the quality of the image. For automatically created contours, a 
smoothing factor of 0.8 was used, whereas for manually created contours, a lower value 
of 0.7 was used due to the arbitrariness of the choice of the points. Similar values for 
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smoothing parameter were employed in other studies performed in this group (Cheong 
2004; Leung 2006). However, the resulting contours have been checked individually and 
the effect of smoothing was found to be minimal. A sensitivity test on the effect of 
changing the contour smoothing parameter was performed on the set CC I and a variation 
of the smoothing parameter of 20% caused a maximum average area variation of 0.35% 
and therefore the effect of the smoothing parameter was considered negligible. 
- contour re-sampling 
In order to perform surface smoothing, the points on each contour of the TAA had to be 
re-sampled in order to have the same number of points on each contour. For this reason 
the function csape, available in MATLAB Spline Toolbox, was used. Figure 35 shows a 
comparison between a smooth contour and an unsmooth contour for both lurnen and wall 
for Patient 2 in the aneurysm area. 
lumen contour 
smoothed lumen contour 
wall contour 
smoothed wall contour 
Figure 35: Contour smoothing; comparison between unsmooth lumen 
(in red) and wall (in blue) and 
lumen and wall after contour smoothing (in green and yellow respectively) 
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- sUtface smoothing 
The final step of the smoothing procedure is the so-called surface smoothing. After 
contour re-sampling, each contour should have the same number of points. To smooth the 
overall surface, an interpolating spline is created along the length of the aneurysm and all 
the sudden protruding or depressed regions are ironed out. The choice of the surface 
parameter was performed according to the quality of the images and the geometry of the 
patients. Figure 36 shows the lumen and wall of patient 6 before and after the surface 
smoothing. A sensitivity test on the effect of changing the surface smoothing parameter 
was performed on the set CC l and a variation of the smoothing parameter of 20% caused 
a maximum average area variation of 0.75% and therefore the effect of the smoothing 
parameter was considered negligible. The analysis of the effect of the smoothing on the 











Figure 36: Surface smoothing; comparison of lumen (in red) and wall (in 
blue) contours before (on 
the left) and after smoothing (on the right) (units in mm) 
9 )r patients I and 4 
The first and fourth patients included in this study 
have each an aneurysm located in the 
aortic arch, with the ballooning that extended 
distal. to the branches. It was possible to 
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distinguish the aneurismal part from the rest and analyze only the portion where the bulge 
was present. This allowed the use of smoothing procedures available in the group and 
simplified the calculation of the flow and stress field. Since the MR images were acquired 
at horizontal planes for both patients, it would not be possible to create the geometry and 
export it into a CAD program in the same way as for the other cases. Therefore it was 
necessary to calculate coordinators at cross-sections and use them to perform the 
smoothing. A similar method was adopted by Kato et al and Pittaccio et A (Kato, 
Matsumoto et al. 2001; Pittaccio 2004) to create models of TAAs in the former and 
descending aorta in the latter. 
The methodology used for calculating the cross-sections is different for the two patients, 
due to different morphological features of the aneurysms. For the first patient, a 
NIATLAB program was developed to numerically define cross-sections of the aneurysm 
using an arbitrarily created bundle of planes. These were then joined together and the 
surface smoothing was performed starting from the inlet until the outlet. The inlet was 
chosen according to the location where flow information was available. Figure 37 shows 
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Figure 37: Patient 1; anatomy shown by MRI image (on the left), segmented contours 
(on the right, 
in pink) and cross-sections (on the right, in red) 
For Patient 4, this method did not yield acceptable results, due to the 
high curvature of 
the shape of the aneurysm. Thanks to the availability of 
MIP (maximum intensity 
projections) and MPR (multi-planar reconstructions) 
in the dataset, it was Possible to 
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construct other sets of images relative to different orientations. By joining several planes 
with different orientations it was possible to achieve a better representation of the shape 
of the aneurysm. Figure 38 shows the reconstructed shape of the aneurysm of patient 4, 
with the cross-sections highlighted in blue. The branches in this case have been ignored, 
as it is usually done for the simulation of the aortic arch (Mori and Yamaguchi 2002; 






Figure 38: Patient 4; anatomy shown by MRI image (on the left), segmented contours (on the right, 
in pink) and cross-sections (on the right, in red) 
This approach would inevitably introduce some errors in the reconstruction, mainly due 
to the high curvature of the aneurysm in the bulge region. For these two patients, the wall 
model was created by performing a uniform dilation of the lumen contours with a 
thickness equal to the wall thickness measured from the MRI images. This was carried 
out by calculating the coordinates of each point in a polar coordinate system (referred to 
the centre of the slice) and then adding a fixed thickness d to every slice (see equation 46, 
where x, y, z are the Cartesian coordinates and p, 0, y are the cylindrical coordinates of 
the undilated slice, while x', y', z' and p', 0',. (p' are the Cartesian and cylindrical 
coordinates of the dilated slice, respectively). 
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Figure 39: Solid models created through dilation of the lumen contours for patient I (on the left) and 
patient 4 (on the right); the lumen contours are in red while the outer wall contours are in blue. 
9 Notes on the creation of models for patients 2-3 and 5-8 
For these patients, since the horizontal sections were enough to reconstruct the geometry 
of the aneurysm, no further processing was necessary after image segmentation. The 
procedure followed in this study was very similar to that used for abdominal aneurysms 
described in several studies (Di Martino, Guadagni et al. 2001; Fillinger, Raghavan et al. 
2002; Wang, Makaroun et al. 2002; Fillinger, Marra et al. 2003; Venkatasubramaniam, 
Fagan et al. 2004; Wolters, Rutten et al. 2005; Leung, Wright et al. 2006; Papaharilaou, 
Ekaterinaris et al. 2006). Since the segmentation of HASTE and CT images was 
performed manually, it can be subject to operator errors. The reproducibility of intra- 
operator segmentation was assessed for patient 3 by comparing the segmented contours 
performed by the same operator at three different times for both lumen and wall in terms 
of internal area. Figure 40 shows the profiles of the segmented areas for the lumen and 
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the wall contours. The curves match very well, with a maximum mean error of 4.6% 
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Figure 40: Intra-operator dependence of the segmentation of lumen and wall for patient 3. 
The inter-operator reproducibility was tested on set CC I for the control case: each of the 
three operators performed a single segmentation of the whole descending aorta of the 
control case; the area for each slice was calculated and compared. As shown in Figure 41, 
the maximum difference in area between two operators was 14% with a maximum 
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Figure 41: Inter-operator dependence for the control case set CCL 
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3.3 Extraction of flow information from MRI 
Flow images (cine PC Velo mapping) were acquired in order to provide patient-specific 
flow conditions. Each image set consists of paired magnitude and phase images 
corresponding to different time points in a cycle. From the magnitude image, it is 
possible to extract the contour of the flow region, in order to delineate the region of 
interest (ROI). Once the ROI is defined, the phase image is processed in order to extract 
the velocity values at each pixel in this region. Each pixel of this image has a grey value 
which is proportional to the blood velocity at that point (here assumed to be the centre of 
the pixel). The values of velocity are then determined by using the relation shown in 
Figure 42 (see equation 47) (Cheong 2004; Gatehouse, Keegan et al. 2005): 





I"in ) (48) 
Where Venc is the Velocity Encoding Value, embracing the expected velocity range, and 
R is the Rescale Intercept Value, available in the header of phase contrast images, while 
I,, ý is the minimum value of intensity of the images. The 
images were filtered using the 
median filter before segmentation. The overall process is shown in Figure 43. 
Vei 
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Figure 42: Relationship between intensity values and velocity 







10 10 10 I 
ýo 10 
15 15 
Figure 43: Flow pattern extraction from PC-Velo mapping images. 
In order to derive the flow-rate from the images, the velocity profiles were integrated 
using 2D Gaussian integration over the measured plane for each time point, yielding 
instantaneous volumetric flow-rate. Figure 44 shows the variation of volumetric flow-rate 
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Figure 44: Volumetric flow-rate for patients 1-4 as extracted from MRI images 
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CHAPTER 4: MATERIAL AND METHODS 
FEM MODELLING 
4.1 Creation of the FEM model 
4.1 
.1 ADINA 8.4 
After the contour extraction, the geometry is ready to be exported into the finite element 
program ADINA 8.4. This program consists of a suite that provides facilities for pre- 
processing, solving and post-processing of fluid dynamics (navier-stokes equation) and 
structural problems (equilibrium equation for solid analysis) by means of the finite 
element method (FEM). Table 7 gives a list of the specific tasks performed in each part of 
package, in order to solve of the problems concerned in this project. 
Pre-processor Input of the geometry through point cloud generated in the 
image processing step 
- Creation of lines, surfaces and volumes to define the 
boundary of the geometry 
- Mesh generation 
- Definition of the physical properties of wall, thrombus and 
blood 
Specification of the boundary conditions 
Selection of the solution method and solver convergence 
criteria 
Solver Input of the discretised domain, in terms of nodes and 
elements, provided by the pre-processor 
Discretisation of the physical governing equations to 
approximate them with algebraic equations 
- Solution of the equations with a predefined solving 
algorithm 
Post-processing - Display of the results in terms of calculated variables 
(such as velocity and displacement) and derived variables 
(such as stress and shear stress) 
- Display of vector plots, contour plots, particle tracking, 
animated results, time-averaged variables 
Table 7: Main features of ADINA 8.4 
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4.1.2 Geometry creation 
The points were imported into ADINA using a point cloud. Lines were created by joining 
the points in order to define the outline shape of the aneurysm, thereafter internal surfaces 
and volumes were created subdividing each of the fluid and wall domains of a TAA 
model into four parts. All this was performed using MATLAB code that generates an 
input file for ADINA. The subdivision of each domain into four parts was performed in such a 
way that the meshing procedure could be r: 1 optimised to avoid the generation of highly zn skewed 
elements that may create spurious stresses. For patients I to 4, both the blood domain and the 
arterial wall domain were created. Hexahedral volumes were used to form the wall domain while 
pnsmatic volumes were used for the lumen. Figure 45 shows the steps of the creation of the wall 
model for patient 1. 
Figure 45: Steps for the creation of the wall model for patient 1: clouds of points (left), creation of 
lines (centre left), creation of internal surfaces (centre right), creation of volumes (right). 
4.1.3 Mesh generation and grid independence test 
Structured mesh was used to perform the discretization of the wall model for each patient, 
and for the lumen model of patients 1-4 and the control case. 
8-node hexahedral 
elements were used for the wall models, according to the methodology employed 
in other 
studies (Di Martino, Guadagm et al. 2001; Wolters, 
Rutten et al. 2005; Leung, Wright et 
al. 2006; Li and Kleinstreuer 2006). Due to convergence problems 
in the fluid-only 
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model, different types of mesh were used for the four patients. 8-node hexahedral 
elements were used for patientsl and 4 and 4-node tetrahedral elements were used for 
patients 2 and 3. In all cases, linear elements have been used. All the models have been 
tested for grid sensitivity; therefore the solution should be independent of the element 
choice. 
The numbers of subdivisions in the fluid and solid domains, respectively, were increased 
until the differences in velocity (for the fluid domain) and maximum wall stress (for the 
solid domain) were less than 5%. Figure 46 shows the fluid and solid volumes for patient 




Figure 46: Sample of volumes for the model of patient 3; solid model on the left (figure A), with 
sample of the individual volume; fluid model on the right (figure 
B) with sample of the individual 
volume; u, v and w are the main directions of each model. 
Table 8 shows the grid independence test for the fluid domain of patient 
1: in this case a 
section was chosen (the section for validation, as explained 
in chapter 5.1.3) and the grid 
was increased till the maximum velocity in that section changed 
by less than 5%. 
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N. of elem. 
in U 
N. of elem. 
in V 





6 3 9 806 
8 3 9 852 5.399061 
10 3 9 846 -0.709219 
12 3 9 856 1.1682243 
14 3 9 870 1.6091954 
16 3 9 839 -3.694874 
18 3 9 846 0.8274232 
20 3 9 951 0.5875441 
12 3 9 856 
12 3 10 849 -0.824499 
12 3 12 920 7.7173913 
12 3 14 905 -1.657458 
12 3 15 912 0.7675439 
12 1 12 1 920 
12 141 12 1 885 1 -3.954802 
Table 8: Grid independence test for the fluid model of patient 1. u, v, w refers to the 
circumferential, radial and longitudinal directions in each volume, respectively. 
Vmax is the maximum velocity at the monitoring plane. A% is the percentage 
difference from the upper configuration in each line. The lines where numbers are 
red refer to configurations where the single direction doesn't need any further 
refinement. The lines in blue refer to the final configuration. 
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N. of elem. 
in U 
N. of elem. 
in V 
- 
N. of elem. 
in W 
(Tmax\(KPa) A% 
8 - - 3 2 6ý 
.6 4 
10 3 2 66.38 5.634227 
12 3 2 68.72 3.405122 
15 3 2 70.08 1.940639 
20 3 2 71.99 2.653146 
25 3 2 72.36 0.511332 
30 3 2 72.48 0.165563 
15 3 2 70.08 
15 4 2 72.73 3.643613 
15 5 2 74.98 3.0008 
15 6 2 76.46 1.935653 
15 7 2 77.03 0.739971 
15 5 2 74.98 
15 5 3 76.15 1.536441 
15 5 4 76.6 0.587467 
15 5 5 76.74 0.182434 
Table 9: Grid independence test for the solid model of patient 1. u, v, w refers to the 
circumferential, radial and longitudinal directions in each volume, respectively. (yMax 
is the peak stress of the solid model with the indicated subdivision. A% is the 
percentage difference from the upper configuration in each line. The lines where 
numbers are red refer to configurations where the single direction doesn't need any 
further refinement. The lines in blue refer to the final configuration. 
Table 9 shows the grid independence test for the wall model of patient 1. For both fluid 
and solid models, the number of subdivisions were increased in order to find the mesh 
independent solution. Starting with subdivision along the circumferential direction (in 
both cases u), it was increased until its change did not result in more than 5% difference 
in the solution. Having done that, subdivision in the radial direction was increased while 
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keeping the others constant. This process was repeated until all the three subdivisions of 
each volume were determined. The lines where numbers are red refer to configuration 
where the single direction doesn't need any further refinement. The lines in blue refers to 
the final configuration 
The grid independence test was performed for the fluid and solid domains in each model 
separately for each patient. 
Number of Nodes 
Solid Model Fluid Model 
Patient 1 13920 59410 
Patient 2 27030 51579 
Patient 3 36160 25008 
Patient 4 16320 51184 
Patient 5 25252 - 
Patient 6 33880 - 
Patient 7 40600 - 
Patient 8 77700 - 
Control Case 20520 20808 
Table 10: Mesh density for the TAA models 
Table 10 shows the number of nodes for each model of this study. It is possible to notice 
how the number of nodes of the fluid model largely exceeds the number of nodes of the 
solid models in all cases except that of patient 3 and the control case. For Patient I and 4, 
which have aneurysm located in the aortic arch, similar mesh densities were found. 
Patient 7 has the model with the largest number of nodes, due to the dimension of the 
aneurysm (which extends all over the descending aorta and does not present preferential 
bulging but overall enlargement). 
94 
- Effect of element type in the wall model of TAAs 
The use of different types of elements was tested on patient 6: in this case, the geometry 
was meshed using tetrahedral elements with 4 and 10 nodes, respectively, and hexahedral 
elements with 8 nodes. In case of the 4 nodes tetrahedral elements, the nodes are only 
positioned on the vertices of the tetrahedron, while in the 10 nodes element nodes are also 
present in the mid-point of each edge. Hexahedral elements with 8 nodes are brick- 
shaped with nodes on the vertices. 
In order to create the geometry for the 4 and 10 nodes models, the point coordinates of 
the lumen, inner wall and outer wall were imported into RhinoceroSTm 3.0 (2003 Robert 
McNeel & Assoc. ) and the surfaces were created using cubic splines by interpolating 
between the contours. Figure 47 shows the steps for the creation of the model. 
Figure 47: Creation of the solid model for patient 6 using Rhinoceros; point cloud (left), splines 
(centre-left), internal surface (centre-right), final wall model (right, 
where red is the ILT and blue is the wall). 
The stress analysis was performed and the results were compared: virtually no 
difference 
was found between the stress patterns over the aneurysms. 
Figure 48 shows the 
comparison between the stress patterns of the 











Figure 48: Comparison of stress patterns for patient 6 in a solid model created using hexahedral 
elements (on the left) and using 4-node tetrahedral elements (on the right). 
Table II shows a comparison of the peak stress values of the two models, along with the 




Number of nodes 
Peak stress value 
[KPa] 
4 node elements 763551 171821 100.8 
10 node elements 135845 234303 100.2 
8 node elements 28800 33880 101.4 
Table 11: Dependence of the peak stress on the element type for patient 6. 
As can be seen, the large difference in the number of elements did not result in a large 
difference in the solution, but the computational time was drastically reduced by using a 
structured mesh and the difference in peak stress is less than I%. 
4.1.4 Boundary conditions and loads 
The boundary conditions and loads for the models were specified according to the type of 
simulation performed. Static structural analysis (S model) was performed 
for all the 
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patients, since only the geometry and pressure are required for this type of analysis. For 
patients I to 4 flow information was available, therefore it was possible to perform flow 
pattern calculation (F emodel) and, through coupling of the fluid and solid models with 
the ALE algorithm, perform fluid-solid interaction simulation (FSI model). Table 12 









Patient I x x x 
Patient 2 x x x 
Patient 3 x x x 
Patient 4 x x x 
Patient 5 x 
Patient 6 x 
Patient 7 x 
Patient 8 x 
Control Case x x x 
Table 12: Summary of the simulations performed for each patient. 
-S model 
The S model was created to perform static structural analysis under a constant blood 
pressure without considering the interaction with the fluid flow. The model consists of 
the arterial wall domain for each patient, including both wall and thrombus where 
present. The boundary conditions on were applied at the two ends, where 
the rotations 
and translations were constrained in order to simulate the tethering of 
the rest of the aorta. 
For the wall-thrombus boundary, the same number of elements was used; 
therefore the 
displacement was continuous across the two domains. At the two ends of the thrombus a 
tied interface condition was applied, in order to prevent sliding 
(this condition allows no 
sliding between the two surfaces 
in contact and can be -used to connect surfaces having 
incompatible meshes). The algorithm used for the contact analysis 
is based on the 
a 
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segment method, which uses Lagrangian multiplier to enforce the contact condition and 
has been shown to be very robust. 
The load applied on the model was equal to 40 mmHg (5.32 kPa, which represents the 
difference between the systolic and diastolic pressure in a normal subject) on the internal 
surface. This value was chosen because the model was assumed to be in diastolic 
configuration (where the pressure is 80 mmHg), therefore in order to reach the systolic 
configuration (where the pressure is 120 mmHg) only the difference in pressure needs to 
be applied (see Figure 49). The material properties used for this model were obtained by 
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Figure 49: Pressure difference from the systolic and diastolic pressure (from Olufsen et al. 2000) 
- model 
The geometry of the F model represents the arterial lumen of the aneurysm of the patient. 
For this model, pulsatile flow simulations were performed. The 
boundary conditions were 
patient- speci fi c velocities applied at the 
inlet of the model, no-slip condition on the 
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internal wall boundary and time-varying pressure at the outlet (Olufsen, Peskin et al. 
2000). Figure 50 shows the boundary conditions applied on patient 1. 
V(t) 
Figure 50: Boundary conditions applied on the F model for patient 1: patient-specific velocity 
conditions are applied on the inlet, while physiologic values of pressure are specified at the outlet 
Pulsatile flow simulations were carried out for three cardiac cycles in order to achieve 
periodic solutions. It was found in all models that the results became periodic after the 
second cardiac cycle (see Figure 51). One cycle was divided into fixed time steps of 
0.005 s. The SPARSE solver was used for the solution of the flow equations. The blood 
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Figure 51: Velocity values for three nodes of patient I's F (fluid) model; the velocity values achieved 
periodicity after the second cardiac cycle. 
- FSI model 
The combination of the F and S models was used to perform fully coupled fluid-solid 
interaction simulations. For the solid domain, the same geometry and boundary 
conditions as for the S model were used, but without the loading. The internal wall of the 
solid model becomes the FSI boundary. The fluid domain had the same inlet and outlet 
boundary conditions as the F model but the no-slip condition on the rigid wall was 
substituted by the FSI boundary condition. 
In this case, the computation starts from the fluid domain, where the velocity and 
pressure fields are calculated, and this information are then passed to the solid domain, 
which deforms according to the pressure imposed on the boundary. The Newton iteration 
scheme was used for the solution. The grid density determined by the separate grid 
independence tests described earlier was adopted. Figure 52 shows a skernatic of the 
algorithm that couples fluid model and solid models. 
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Figure 52: Skematic of the coupling algorithm for FSI simulation 
4.2A new methodology for the 3D reconstruction of TAAs 
4.2.1 Motivation for the study 
I 
ii i 
As explained in chapter 3.2.2, the segmentation of the aortic lumen and wall is a crucial 
step for the creation of a finite element model of a TAA. While the segmentation of the 
arterial lumen is a well established technique and has been performed with different 
modalities in living subjects (Long, Xu et al. 1998; Kato, Matsumoto et al. 2001; Antiga, 
Ene-lordache et al, 2002; Leung, Wright et al. 2004), the segmentation of wall and 
thrombus still presents difficulties due to the low contrast between the wall and the 
surrounding tissues (Olabarriaga, Rouet et al. 2005). The extraction of wall information 
has been attempted for the carotid and coronary arteries, using ex vivo imaging data 
(Holzapfel, Stadler et al. 2002; Yang, Holzapfel et al. 2003; Tang, Yang et al. 2004; 
Auer, Stollberger et al. 2006). As pointed out in these studies, the difficulty of achieving 
equivalent results with in vivo data is the frequent inability to acquire arterial wall images 
with a sufficient resolution (Yang, Holzapfel et al. 2003). Good results were achieved by 
Thomas et al. (Thomas, Rutt et al. 2001), who applied the discrete dynamic contour 
algorithm to four subjects scanned at the left carotid artery using the 
black blood MRI 
technique. The results showed that while the SNR (signal to noise ratio) improved with 
the increase of the field of view (FOV), the SDNR (signal difference to noise ratio, a 
measure of the capability of a MR protocol to generate contrast 
between different tissues) 
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is independent of the dimension of the FOV. Further work has been done using senij- 
automatic techniques applied to the segmentation of arterial structures, with good results 
for abdominal aortic aneurysms (Olabarriaga, Rouet et al. 2005; Subasic, Loncaric et al. 
2005; Zhuge, Rubin et al. 2006). However, these methods are based on the use of CT 
images, where good differentiation between the thrombus and wall may be possible 
should there be calcifications inside the wall. Furthermore, all the studies on the 
app ication of these methods to the segmentation of thrombus show, with good 
agreement, that automatically segmented contours do not always match manual 
segmentation performed by experienced operators, and reducing the degree of user 
intervention does not necessarily correspond to a higher accuracy in contour depiction 
and volume measurement (Olabarriaga, Rouet et al. 2005). In this section a new approach 
to the reconstruction of patient- specific aneurysm models, based on the use of different 
MR imaging sequences is presented. 
This method has been applied to the aneurysm models of patient 2 and patient 3, from 
now on patient A and patient B and the results have been compared with the less accurate 
models constructed from a single set of images. 
4.2.2 Creation of the models 
For this study, the aneurysm of patients 2 and 3 (here called A and B) were reconstructed 
using a different methodology to allow the comparison 
PATIENT A PATIENT B 
Set HA SetMA Set HB SetMB 
Image type HASTE CE MRA HASTE CE MRA 
Slice thickness 6ým-) 6 1.5 6 1.5 
Number of slices 20 200 30 200 
TR (ms) 800 2.84 660 2.84 
TE (ms) 23 1.04 23 1.04 
Pixel resolution 1.38 
0.69 1.38 0.69 
Slice distance (mm. ) 12 0.8 
6 0.8 
Table 13: image summary 
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Table 13 shows a summary of the images used for the creation of the model; the 
methodology will be explained for patient A, but it is the same for patient B. As 
explained in chapter 3.2.2, the manual segmentation procedure applied to the set HA, 
yielding contours of the lumen and outer wall, here calledCLH and cw. Image set MAwas 
segmented using the region growing method, as explained in chapter 3.2.2. The results of 
segmentation of set A2 were lumen contours CLM. Figure 53 shows respectively a 3D MR 
angiogram of the aneurysm of patient A, stacked contours cw and CLH, and stacked 
contours CLM. As can be noticed, the 3D shape of the lumen formed by the CLM contours 
resembles more closely the real geometry (shown in Figure 53a) than the one defined by 
CLH, due to higher spatial resolution with contrast-enhanced MRA. 
Figure 53: From left to right: (a) 3D MR angiogram of the TAA of Patient A; (b) aneurysm shape 
from the segmentation of the image set Al (wall contours cw 
in blue and lumen contours CLH in red); 
(c) lumen of the aneurysm from the segmentation of 
image set A2 (lumen contours CLM in magenta) 
After the segmentation was completed, two aneurysm models were created: model 
H 
formed by the lumen and wall contours extracted from set HA (HASTE images: 
'H'), and 
model HM defined by the lumen contours 
fromSet MA (CE-MRA: 'M') combined with 
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the wall contours from AI ('H'). Since images AI and A2 were not acquired at the same 
time, registration of the corresponding slices was necessary before building model HM. 
This was performed by co-locating the centre points of contours CLM with their 
counterparts in contours CLH, after centreline smoothing Of CLH. Figure 54 shows the 
comparison of the centrelinesOf CLHand CLm before and after centreline registration. This 
was followed by translating contours CLM to match their new centre points. Figure 55 
shows the comparison and matching of the lumen contours CU4 and CLm after translation. 
For the creation of the CAD models, the number of slices contained in CLM was reduced 
from 200 to 50 slices, whileCI-Hand cw were interpolated from 20 to 50 contours in order 
to have the same vertical coordinates as CLM- 
I 
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Figure 54: Realignment of the centreline (Patient A) (Units in mm). 
1: 
I 
Figure 55: Comparison of the lumen shape 
from set Al (contour CLH, in red) and set A2 (contour CLM, 
in magenta) (Patient A) (Units in mm). 
104 
Zo 40-ý, MFXIO 
Using the patient wall thickness determined with the procedure explained in chapter 
3.2.2, the inner wall contours (CT, representing the boundary between the aortic wall and 
thrombus) were created by shrinking the outer wall contour (cw) uniformly to match the 
measured wall thickness. Local adjustment might be needed in regions where the radial 
distance between the wall and lumen contours was smaller than the measured average 
wall thickness. The methodology for the adjustment of the thrombus contour has been 
explained in chapter 3.2.2. As a result, two additional sets of contours were obtained: 
CTH, the boundary between the thrombus and wall with lumen contours given byCLH, and 
CTM, with lumen contours defined by CLM. The contour points were imported into a CAD 
program (RhinoceroSTm 3.0,2003 Robert McNeel & Assoc. ) to create the 3D solid 
model. The H model was created by using contours CW, CTH and CLII, while the HM model 
used contours CW, CTm and CLM- Comparison of the H and HM models is given in Figure 
56, which shows that the H model failed to capture some fine geometric features, due to 
larger slice thickness and slice distance. Figure 57 shows the geometrical reconstruction 
of the aneurysms for patients A and B created with contours cw, CTm and CLm along with 
the CAD models. 
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Figure 57: TAA models for Patient A (Figure 57a) and Patient B (Figure 57b). The contours are from 
the MATLAB segmentation, and the surface rendering are from the CAD models, with the wall 
domain shown in blue and the thrombus domain shown in yellow (Units in mm). 
Mesh generation for the thrombus and wall domains were carried out separately so it was 
necessary to define the interface as 'tied contact boundary' in order to hinder sliding and 
independent movement. Both ends of the models were constrained to avoid rigid 
translation. A grid independence test was performed for each model and a maximum 
i erence of 5% in displacement and stress between the adopted and a finer mesh was 
accepted. The results of the structural analysis of the H and HM models of patients A and 
B will be provided in chapter 5.5. 




AH A CLH CTH CW 
AHM A CLM CTM CW 
BH B CLH CTH CW 
BHM 
Table 14 
B CLM CTM CW 
: Summarv of the contours used for the creation of the four models 
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CHAPTER 5: RESULTS 
5.1 Patient 1: model creation 
The solution methodology of the fluid model for TAAs was optimized using the model 
for patient 1, on which the effect of boundary conditions was also investigated. In this 
section the fluid dynamics features in the TAA are analysed using a fluid-only model (F 
model). The results provided guidance for the creation of F and FSI models for this and 
the other cases. 
Patient I was 18 years old at the time of the scan and presented a large bulge in the aortic 
arch. The aneurysm was generated as a consequence of the operation of coarctation repair 
performed during childhood. The use of part of the innominate artery to create a patch for 
the aorta caused the unusual setting of aorta branching in this subject. As can be seen 
from Figure 58, a single branch originates from the arch and the bulge is formed right 
after the branching. The reconstructed 3D geometry of the affected aorta is shown on the 
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Figure 58: Patient I's TAA; on the left, the MR1 scan showing the arterial tree of the patient; on the 
right, the reconstructed TAA model based on CE MRA images acquired from the same patiente, 
with labels on the anatomical features of the aorta. 
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The availability of velocity images at a section proximal to the coarctation permitted the 
flow model to exclude the innominate artery and the ascending aorta, so that a model 
starting from a section distal to the branching and just before the coarctation was built for 
flow simulation. This also enabled the use of the in-house smoothing technique described 
previously. 
5.1.1 Effect of inlet conditions on flow in the aneurysm 
The section where MR flow imaging was performed was taken as the inlet of the TAA 
model. Based on MR measured velocities (image set IC), the aortic flow waveform at 
the model inlet can be derived using methods described in chapter 3.3. It should be 
mentioned that the measured velocities correspond to the axial component only (i. e. "in- 
plane" or secondary velocity components were not measured). There are a number of 
options for inlet boundary conditions in this case and the easiest one is to assume flat 
velocity profiles (plug flow) that satisfy the volumetric flow-rate values calculated from 
the MR flow data. In order to examine the effect of inlet velocity profiles on predicted 
flow patterns, the following three models were created using different inlet conditions: 
1) PF model: flat axial velocity profiles with measured flow-rate and zero secondary 
flow. 
2) SF model: flat axial velocity profiles with an assumed secondary flow. Since no 
information about the presence of secondary flow was available for this patient, 
the in-plane velocity component was assumed to be 20% of the corresponding 
axial component. 
3) PSFC model: realistic velocity profiles extracted from the MRI data. 
For the PSFC model, velocity profiles at the inlet were reconstructed from the MRI data 
from which the flow-rate was extracted. MATLAB code was written to apply the 
measured velocities (at each pixel) to the model inlet (at each node). Figure 59 shows the 
comparison between the velocity contours extracted from MRI and the inlet condition 
imported in ADINA. The same outlet boundary condition (zero pressure) was applied in 





Figure 59: Velocity contours applied to the PSFC model of patient 1; on the left, the inlet condition 
imposed in ADINA; on the right, the flow pattern retrieved from MRI images using MATLAB. 
To analyze the results, five time instants were chosen along the cardiac cycle (see Figure 
60): 
" Mean velocity in early and late systole (points A and D), where the inlet velocity is 
equal to the average velocity during the cardiac cycle. 
" Maximum velocity (point B), at peak systole. 
" Maximum deceleration (point Q. 
" Minimum velocity (point E). 
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Figure 60: Time instants in the cardiac cycle of patient I chosen to perform the flow comparison 
between PF, SF and PSFC models 
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The simulations for the three models were performed for three cardiac cycles and the 
solutions were compared at the points defined in Figure 60. Figure 61 to Figure 63 show 
the comparison of the results for the three models at three sections of the aneurysm: 
Figure 61 refers to a section proximal to the exit of the aneurysm (section 1), which will 
be later used for validation, Figure 62 refers to the mid-section of the aneurysm bulge 
(section 2) and Figure 63 refers to the coarctation (section 3), where the stenosis is 
present. As shown in these figures, very good agreement can be found among all three 
models throughout the cardiac cycle except for section 3 which is close to the inlet. 
Looking at the inlet flow patterns, the flow Patterns appeared to be skewed during the 
systolic part of the cardiac cycle, almost flat during diastole, and skewed again in late 
diastole. The good agreement among the three models for sections I and 2 suggests that 
the influence of inlet velocity profiles and secondary flow on flow patterns in the 
aneurysm bulge is almost negligible. 
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Figure 61: Comparison of velocity contours (units in mm/s) in section I for the three models. Thee 
location of the section is shown on the right. Different scales were used for the different time instants 
to allow the allow the comparison. 
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Figure 62: Comparison of velocity contours (units in mm/s) in section 2 for the three models. The 
location of the section is shown on the right. Different scales were used for the different time instants 
to allow the allow the comparison. 
112 
PF SF PSFC 
" U 
7- 






Figure 63: Comparison of velocity contours (units in mm/s) in section 3 for the three models. The 
location of the section is shown on the right. Different scales were used for the different time instants 
to allow the allow the comparison. 
Comparison of wall shear stress patterns among the three models is shown in Figure 64 
for the five time points defined previously. Some differences can be noticed close to the 
inlet for the PSFC model in comparison with the PF and SF models. However, the overall 
WSS patterns and particularly the WSS distributions in the bulge are virtually identical 
for the three models. Peak values located in the stenosis are also very similar, with less 
than I% difference between the three models. 
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Figure 64: Comparison of the WSS patterns (units in Pa) for the three models. Different scales were 




The consistency of the results has been considered satisfactory for the three models and, 
since the PF model is the simplest one to implement, it has been adopted for the fluid 
model of patient I and, for consistency, also patients 2,3 and 4. 
5.1.2 Cross-code comparison: ADINA 8.4 vs CFXIO 
In order to validate the results obtained from ADINA 8.4, the results of the PF model 
were compared with those from a simulation performed in CFXlO. The geometry 
imported into CFX was the same as that used in ADINA. The creation of the geometry 
was performed in RhinoceroSTm 3.0. A file in PARASOLID format was exported and 
then imported into CFX and meshed using tetrahedral elements (unstructured mesh). 
CFX is based on finite volume method and performs transient simulations. The boundary 
conditions applied are the same as the PF model: plug flow at the inlet and no-slip 
conditions on the wall; the outlet conditions for the PF model implemented in ADINA 
was zero pressure, while the opening condition, that allows recirculation through the 
outlet, was implemented in CFX. Figure 65 shows the geometry created in Rhinoceros. 
Figure 65: Rhinoceros model for the fluid model of Patient 1. 
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The results were compared between the two models at a number of time points. Figure 66 
shows the velocity magnitude contours in a longitudinal section of the aneurysm, 
obtained from ADINA (left) and CFX (right). The flow patterns show that acceptable 
agreement can be found around peak systole (second row) and during the deceleration 
part of the cardiac cycle (third row) where the difference in the computed peak velocity is 
around 2%. The agreement becomes poor during the acceleration (first row) and during 
diastole, where high differences are present close to the inlet due to 3D effect. The area 
close to the outlet shows obvious differences, probably due to the different outlet 
condition imposed in CFX (opening boundary condition, which allows the presence of 
inflow from the outlet, versus with the zero-Pressure condition applied in ADINA). In 
fact, the agreement becomes poor in diastole, when backward flow is present, therefore 
an improvement in the outlet condition could possibly dramatically affect the velocity 
patterns along the aneurysm in this part of the cardiac cycle. An extension for the outlet 
in both models would provide more reliable results for the distal. section, where the local 
results are highly affected by the presence of recirculation. 
Factors affecting the solution of the two models could be small differences in the 
geometry (the process of geometry creation using Rhinoceros involved an additional step 
of surface smoothing that although was kept minimal, but still was present), in the 
convergence criteria (the tolerance for CFX was le-6 and for ADINA was le-4; however 
no major differences were found in the ADINA model by decreasing the tolerance). and 
the spatial discretisation schemes are strong suspects: the upwinding scheme used in 
ADINA is a first order-type upwinding, which is highly diffusive, while CFX uses a 
"high resolution upwinding scheme" which is able to perform as a second order scheme 
except in presence of discontinuities. The higher dependence of the solution from the 
discretisation which affects ADINA may suggest that a finer mesh than that achieved in 
the grid independence test may be necessary, to stabilize the solution in case of pulsatile 
flow. Furthermore, since no backward flow was modelled during the grid independence 
test, a more careful choice of the boundary conditions used to test the mesh may be 
necessary. However, the first order upwinding in ADINA will always give suspect 
solutions. Moreover, higher accuracy is present for the time discretization 
in CFX 
(second order backward Euler method versus first order backward Euler method). 
Since 
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constant \, iscosity was assumed, no differences are present in the modelling of this 
parameter in the two softwares. 
The large differences in the solution between the two solvers reinforce the doubts about 
the discretisation strategies in ADINA and about the results from the ADINA solution; 
however, since the most important part of the cardiac cycle, in terms of aneurysm rupture, 
is close to the systolic peak, the accuracy of ADINA's results was deemed acceptable in 
comparison with the more extensively validated CFX. The solution should be however 











Figure 66: Comparison of flow pattern results (velocity magnitude in mm/s) between ADINA (left) 
and CFX(right); the time point the results refer to are shown on the far right. 
I 
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5.1.3 Validation of the model using MRI measurements 
Since additional MR flow imaging was performed for a section close to the outlet (see 
Figure 67), velocity data acquired at this section were compared with those predicted by 
ADINA as a preliminary validation attempt. 
IP 
Figure 67: Validation section; MR image showing a horizontal section of patient I (on the left) and 
position of the section in the ADINA model (on the right). 
Figure 68 shows the comparison between the results obtained from ADINA and the 
pattern extracted from the MR images at six points along the cardiac cycle. As can be 
seen, the simulation results match reasonably well during the acceleration part of the 
cardiac cycle and around peak systole (instants I and 2). In this part of the cardiac cycle, 
only forward flow is Present which makes the simulation easier to converge and the flow 
pattern is relatively simple. During the deceleration phase of the cardiac cycle (instants 3 
and 4) differences become more obvious. The presence of recirculation owing to the 
destabilising effect of the retardation makes the results less accurate and, though the 
shape of the flow computed by ADINA remains similar to that shown by the MRI, the 
area of recirculation (red area) is larger for the computed results and pushed towards the 
centre of the artery, while the MRI patterns show a higher area of forward flow (in blue). 
In terms of quantitative difference, the peak value of forward flow is in good agreement 
between the ADINA and MRI results, with an error of 13% at peak systole (instant 2) and 
9% at the point of peak flow reversal (instant 5). The magnitude of reverse flow shows 
larger discrepancies, due to the proximity of the measured section to the outlet of the 
model, which makes the convergence more difficult. The use of an extension didn't 
provide better results, since in that case both positive and negative velocities became 
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much lower than the physiological values. Flow patterns during diastole show marked 
differences between the prediction and measurement; however, velocities during this part 
of the cardiac cycle are less than 10% of the velocity encoding value (in this case 200 
mmIs), therefore results from the MR measurement become unreliable (MR velocity 














Figure 68: Comparison between the velocities (units 
in mm/s) predicted by ADINA (left) and 
measured by the MRI (centre); the right column 
shows the flow waveform and time points where 
the 
results are presented. 
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5.2 Population study 
5.2.1 Analysis of stress patterns in TAAs and link to geometrical factors 
Data for eight patients having TAA were provided by the Royal Brompton Hospital and 
the Liege University Hospital. Patients I to 5 were scanned using MRI technique, while 
patients 6 to 9 were scanned using CT. A healthy control case was also included in order 
to perform a comparison between the stress levels for the control and the aneurismal 
aortas. Patients I and 4 presented aneurysm located in the aortic arch, in a distal area 
from the subclavian artery. Concerning patient 4, the presence of the subclavian artery 
and the right carotid artery was neglected, as usually done for the aortic arch (Mori and 
Yamaguchi 2002; Morris, Delassus et al. 2005; Gao, Watanabe et al. 2006). 
All the patients who were scanned at the Royal Brompton Hospital were having their first 
scan after the detection of the aneurysms. The scan was performed on a clinical basis; 
therefore the amount of images available for each patient was limited in order to reduce 
the time the patient had to remain inside the scanner. 
As explained in chapter 3.2.2, a similar methodology for the extraction of the contours 
from medical images was used for patients 2,3,5 and 6-8. In these cases lumen and wall 
contours were extracted manually and the wall thickness was calculated using an average 
value extracted from the images as well. The extraction of the lumen contours for patients 
I and 4 was performed automatically using automated algorithms and the wall contours 
were calculated as dilation of the lumen using a constant thickness. The absence of 
thrombus from these models made this assumption possible. Table l5shows a summary 
of the patients' personal information and medical conditions. 
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Patient Gender Age (year) TAA status 
I M 18 Operated 
2 M 80 Unruptured 
3 M 74 Unruptured 
4 F 84 Unruptured 
5 F 74 Unruptured 
6 M 75 Ruptured 
7 F 70 Unruptured 
8 F 74 Unruptured 
CC (control case) M 25 Normal aorta 
Table 15: Summary of the patients used in this study 
The analysis of the shape of the aneurysms can provide information about the geometrical 
features of the aneurysms, All the reconstructions were performed by including sufficient 
sections both proximal and distal to the aneurysm bulge. For the aneurysm of patient 4, it 
was necessary to extend the inlet and outlet in order to avoid the boundary effects. All the 
patients having aneurysm located in the descending aorta showed the presence of 
intraluminal, thrombus (ILT): this is a common feature in descending and abdominal 
aneurysms, and, as it happens for this study, the presence of eccentric thrombus is usually 
predominant in aneurysm groups (Hans, Jareunpoon et al. 2005). The maximum diameter 
and thickness were measured as described in chapter 3.2.2. Table 16 shows a summary of 
the geometrical features of the patient models: the average diameter for the aneurysm 
group was 6.5±0.62 cm and the average wall thickness was 3.1±0.32 mm. These values 
are consistent with those found by Tomohiro et al in their study (Fukui, 
Matsumoto et al. 
2005). The length of the aneurysms varies from case to case; in case of the aortic arch 
aneurysms (patients I and 4) the length of the centreline was measured as an 
indication of 
the dimension of the aneurysm, for the other patients, the height refers to the vertical 
length of the aneurysm. 
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Patient Diameter (cm) Thickness (mm) Height/Length 
1 5.1 3.61 91.5 
2 7.0 3.44 156.8 
3 6.2 3.05 145.6 
4 6.6 3.74 94.0 
5 7.0 3.07 108.8 
6 7.0 2.87 200.0 
7 7.2 2.91 120.0 
8 6.3 2.89 276.0 
cc 2.5 2.91 137.0 
fable 16: Summary of the main geometric features of the patients and control case. 
Figure 69 and Figure 70 show the outlines of the aneurysm geometries and the control 
case. The boundary of the lumen is depicted in red, while the boundary of the outer wall 
in blue. The aneurysms containing ILT have the boundary between the wall and the 
thrombus indicated in yellow. The main location of the thrombus is indicated with an 
arrow. As is visible, patients 2 and 5 each has a large volume of thrombus located in one 
region of the aneurysm while the rest of the aorta is almost thrombus free. Patients 3,6,7 
and 8 instead present a continuous formation of thrombus over the length of the 
aneurysm, with thicker thrombus where the bulges are present. All stress analyses were 
performed using ADINA 8.4, using material properties, boundary conditions and loads as 
described in chapter 4.1. Figure 71 to Figure 78 show the stress plots for the eight 
patients and the control case. All the stress will be presented in tenns of Von Mises 
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Figure 69: Geometries of the TAA of Patients 1,2 (on the top row, from the left), 3,4,5 (on the 
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Figure 70: Geometries of the TAA of patients 5,6 (on the top row, from the 
left), 7 and the control 
case (in the bottom row, from the left). Units in mm. 
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Figure 71: Stress pattern of Patient 1; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern in the corss-section of maximum diameter (on the left), in the section of 
peak stress (in the centre), in a vertical section (on the right); the location of highest stress in each 














Figure 72: Stress pattern of Patient 2; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern in the cross-section of maximum diameter (on the left), in the section of 
peak stress (in the centre), in a vertical section (on the right); the location of highest stress in each 











Figure 73: Stress pattern of Patient 3; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern on the section of maximum diameter (on the left), in the section of peak 
stress (in the centre), in a vertical section (on the right); the location of highest stress in each view is 
indicated with A and the model peak stress is indicated with an arrow (units in KPa). 
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Figure 74: Stress pattern of Patient 4; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern in the cross- section of maximum diameter (on the left), in the section of 
peak stress (in the centre), in a vertical section (on the right); the location of highest stress in each 












Figure 75: Stress pattern of Patient 5; views of the stress on the outer wall (in the top row); in the 
section of peak stress (on the left), in an oblique plane (on the right); the location of highest stress in 











Figure 76: Stress pattern of Patient 6; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern in the cross-section of maximum diameter (on the left), in the section of 
peak stress (in the centre), in a vertical section (on the right); the location of highest stress in each 










Figure 77: Stress pattern of Patient 7; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern in the cross-section of maximum diameter (on the left), in the section of 
peak stress (in the centre), in a vertical section (on the right); the location of highest stress in each 













Figure 78: Stress pattern of Patient 8; views of the stress on the outer wall (in the top row); in the 
bottom row, stress pattern in the cross-section of maximum diameter (on the left), in the section of 
peak stress (in the centre); the location of highest stress in each view is indicated with A and the 
model peak stress is indicated with an arrow (units in KPa). 
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Figure 71 to Figure 78 show the stress patterns of the aneurysm patients on the outer wall 
(top row of each image) and in several selected sections along the aneurysm, as explained 
in the captions. 
Table 17 summarises the maximum aneurysm diameters and maximum stresses for all 
patients examined. The stress pattern of the control case will be shown later, here only the 
peak stress value is reported. 
Patient Diameter (cm) 
Maximum Stress 
(KPa) 
Pi 5.1 75.02 
P2 7.0 79.36 
P3 6.2 51.81 
P4 6.6 74.42 
P5 7.0 48.61 
P6 7.0 101.40 
P7 7.2 130.20 
P8 6.3 61.12 
cc 2.5 45.00 
Table 17: Summary of aneurysm diameters and maximum stresses for all patients examined 
As shown in the table, the patient with the highest stress value is patient 7, at 130 kPa, 
who also has the largest diameter. However, patients 2,5 and 6 have aneurysms of the 
same size but very different stress values, ranging from 48.61 to 101 kPa. The smallest 
aneurysm (patient 1) has a peak stress value which is higher than patients 3,4,5 and 8, 
whose aneurysms are larger. The stress levels of patients I and 4 are comparable to that 
of Patient 2; however the dimensions are markedly different: a possible explanation is 
that the first 2 patients have aneurysms in the arch and don't present formation of ILT, 
implying the importance of modelling ILT in theaneurysm to have an accurate estimation 
of the stress values, as shown in previous studies (Mower, Quinones et al. 
1997; Wang, 
Makaroun et al. 2002; Thubrikar, Robicsek et al. 2003; Leung 2006) 
134 
A look at the stress pattern of the aneurysms shows similarities between patients I and 4, 
which have areas of high stress in the distal and proximal parts of the bulge (as shown by 
the vertical sections) and low levels in the bulge. However, the aneurysms having ILT 
show low stress levels on one side of the bulge, where the thrombus is present and high 
stress on the other side, where the thrombus layer is thin. This can be noticed particularly 
in patients 2,5 and 7, but also patients 3,6 and 8, that have similar geometrical features. 
In the latter group of patients, the point of peak stress is far from the section with 
maximum diameter and it is possible to conclude that the stress pattern is, in this case, 
geometry-dominated. In patient 5 the point of maximum section matches with that of 
maximum stress and there is also a very close match in patients 2 and 7. 
Figure 79 shows the correlation between maximum diameter and peak stress in the 
aneurysm population studied. As can be seen, the two parameters are very weakly 
correlated (Pearson correlation values, r=0.377, p=0.357) Figure 80 shows the 
relationship between the peak stress values and the average wall thickness (measured 
with the methodology explained in chapter 3.2.2) of each model. Though an inverse trend 
seems to exist (the smaller the wall thickness, the higher the stress level) (r = -0.1927, p= 
0.6476), it can be noticed that patients 3,5 and 6 who have thinner walls also present 
generally lower wall stress levels, suggesting that the stress pattern and values are highly 
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Figure 79: Correlation between peak stress and maximum diameter for the patients analyzed in this 
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Figure 80: Correlation between the peak stress values and average wall thickness (p = 
0.6476) 
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The applied pressure increment on all the aneurysm models in this study was 40 mmHg 
(5.32 kPa), which represents the difference between the systolic and diastolic pressures 
for a normal subject. Blood pressures were not recorded for all the patients, therefore the 
average value was used for comparison purpose. The actual systolic and diastolic 
pressures were available for patients 7 and 8. The simulations for them were performed 
again using their individual pressures and the results are shown in Table 18. 
Study stress value 
Systolic pressure Diastolic pressure Actual Value (with Patient (with 40 mmHg, in 
(in mmHg) (in mmHg) 60 mmHg, in KPa) 
KPa) 
7 140 80 130 200.9 
8 140 80 61.12 93.1 
Table 18: Comparison of the peak stress values for patients 7 and 8 for the simulations performed 
with an internal pressure of 40 mmHg and the actual value of 60 mmHg. 
The results show that the value for internal pressure has a dramatic impact on the 
predicted peak stress in both patients. Hence, patient- specific pressure values should be 
used in stress analysis that aims to predict the risk of aneurysm rupture. The stress values 
have been linked to a number of geometrical parameters for abdominal aneurysms 
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where L is the length of the vessel centreline. The average curvature AC was calculated 
for each patient and compared with the stress values predicted by means of the FE 
method (Table 19). 
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Patient Average curvature Maximum Stress 
1 0.064397 75.02 
2 0.0094546 79.36 
3 0.0093641 51.81 
4 0.046157 74.0 
5 0.013167 48.61 
6 0.031132 101.0 
7 0.031122 130.0 
8 0.035191 61.12 
Table 19: Average curvature vs peak stress for the patient group. 
Patients I and 4 appear to have the highest average curvature, since their aneurysms are 
positioned in the aortic arch. Patients 2 and 3 have similar values of curvature but very 
different values of stress. Figure 81 shows the correlation between the stress values and 
the AC. As can be seen, there is no correlation between these two quantities in this group 
(r = 0.2298, p=0.5841). The main difference between this study and that by Giannaglou 
et al. is that here the thrombus is included; while in their study they did not include this 
feature. Therefore their stress calculation is more affected by the curvature of the outer 
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Figure 81: Correlation between the peak stress and average curvature for the patient group (p = 
0.5841). 
Since the presence of ILT has been associated with the rupture risk of abdominal 
aneurysms (Hans, Jareunpoon et al. 2005), the presence of ILT was analyzed for the 
patients who present this feature. These include patients 2,3 and 5-8, for whom the 
volume of thrombus was calculated and analyzed in relationship to the peak wall stress. 
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Figure 82: Correlation between the peak stress value and the ILT volume for the group of patients 
having ILT (patients 2-3,5-8) (p = 0.5489) 
Juvonen et al. (Juvonen, Ergin et al. 1997) proposed a mathematical model that allows the 
calculation of a probability of rupture in a given patient, based on information about the 
specific risk factors. The rate of rupture X is given by equation 3 (see chapter 2.3.2), 
which requires information about the patient's age, descending aorta diameter and 
abdominal diameter among other factors. This model was compared with the wall stress 
analysis for patients 2-3 and 5-8, since the model is only applicable to aneurysms located 
in the descending aorta. Table 20 shows the measurements performed for the 6 patients 
with descending aortic aneurysms. The information about pain and COPD were provided 
by the hospital where they had been scanned. 
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Patient A (year) Dd (mm) Ad (mm) pain COPD 
2 80 7 3.3 0 0 
3 74 6.2 3.3 0 0 
5 74 7 3 0 0 
6 75 7 6.5 1 1 
7 70 7.2 6.3 0 
8 74 6.3 3.6 0 0 
Table 20: Measurement of anatomical features for the group of patients having TAA in the 
descending aorta. 
Only patients 6 and 7, who show the highest peak stress values, have history of COPD. 
The correlation between the probability of rupture and the stress value is shown in Figure 
83 (r = 0.9136, p=0.0109). The patients having the highest stress values also show high 
probability of rupture, following equation 4. However, the weight of the COPD factor in 
the equation is high compared to the other factors and therefore its presence increases the 
probability of rupture described by the equation despite the value of the other factors. 
This equation has been criticised in the literature because of its inapplicability to 
thoracoabdominal aneurysms, because it doesn't account other important risk factors such 
as rapid expansion and is only valid for moderate aortic dilatation. In this comparison 
with peak wall stress, it is obvious how the presence of symptoms like pain and COPD 
highly affects the probability of rupture, while geometrical factures (which have higher 
effect on peak wall stress) have only marginal influence on the probability calculation. A 
study on a larger number of patients would be necessary in order to gain better insight 
into the relation between these two criteria. The use of the combination of several criteria 
would probably provide a better insight to the surgeon on the actual rupture risk of a 
patient and, since at present no gold-standard is available, the comparison of 
different 














Figure 83: Correlation of the rupture probability calculated using the model of Juvonen et al. (2000) 
and peak stress. (p=0.0109) 
5.2.2 Analysis of stress pattern in the control case 
As explained in chapter 3.1, the descending aorta of a healthy volunteer was scanned for 
comparison of flow and stress patterns with those of the aneurysm patients. The aorta was 
scanned three times using different scanning parameters, in order to investigate the effect 
of inter-slice distance and pixel resolution on the calculation of stress pattern. Therefore, 
three models were created: 
1) Model 1: image set CC I, which has the same specifies as those for the aneurysm 
patients. 
2) Model 2: image set CC2, which has smaller inter-slice distance, hence higher 
resolution in the longitudinal direction. - 
3) Model 3: image set CC3, which has a better in-plane resolution, with a pixel 
dimension of less than I mm. 
The segmentation was performed manually for all the three sets and the inner contour 
was depicted. The outer contour of the aorta was created using a uniform dilation of 2.91 
mm. The stress values were calculated using an internal pressure of 40 mmHg, and the 
same material properties as the TAA patients. Figure 84 shows the wall stress on the 
three models, with cross sections and a view of the stress on the internal wall. The same 
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stress level has been found in all the models and similar stress patterns are observed on 
the outer wall. The stress pattern on the internal wall shows very good agreement, with 
good agreement also of the location of peak stress. It can be concluded that the use of a 
larger number of slices or better resolution of the images would require longer scan time 
without yielding more information for model reconstruction, and that the clinical set of 

















Figure 84: Stress pattern of the control case models; model I (on the top row), model 
2 (in the 
centre), model 3 (on the bottom row); for each model the outer wall stress 
(on the left), three sections 
along the aorta (in the centre) and a view on the 
inner wall (on the right) are shown (units in KPa) 
143 
5.3 FSI study 
Since velocity images were acquired for patients I to 4 (i. e. patient-specific flow 
waveforms can be defived), it was possible to perform fluid-solid coupled simulations in 
these cases. Fully coupled fluid-solid interaction simulation was performed using the 
ALE algorithm implemented in ADINA. The flow-rate information was extracted from 
PC-MR image sets acquired at the inlet sections of the fluid model of each aneurysm, as 
explained in chapter 3.3. In case of patient 3, the flow-rate curve was acquired in a 
section in the middle of the upper bulge, therefore the inlet was chosen at a different 
position in order to avoid boundary effects; however, no branches were present between 
these two locations and the flow-rate measurement is still valid. For patient 4, an 
extension of inlet and outlet was performed in order to minimise boundary effects. 
Figure 85 shows the flow-rate curves for the 4 patients. Patients 1,3 and 4 have very 
similar flow-rate curves and similar peak values of flow-rate. Patient 2 has higher flow 
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Figure 85: Flow-rate curves for the FSI models of patients 1-4 
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Table 21 gives a summary of the main flow characteristics of the four patients. The 
Reynolds and Womersley numbers were calculated at the section where the flow-rate was 
acquired. Since this section corresponds to the model inlet (or close to it as it happens for 
patient 3) they can be assumed to be peak values for the model (the inlet has the smallest 
section of the model in all the patients). 
Heart Inlet Equivalent 
Max Mean Womersley 
Frequency Area Diameter 
Reynolds Reynolds number (bpm) (mm2) (mm) 
Pi 62.4 291 19.27 3090 740 12.18 
P2 63.2 494 25.11 3670 1470 15.77 
P3 75.6 383 22.11 2710 1020 12.71 
P4 65.7 635 28.44 1940 407 17.52 
Table 21: Summary of the flow characteristics of patients I to 4. 
For patients I to 3 the max Reynolds number appears to be over 2000. Therefore, 
transition to turbulence could occur in these cases. However, the mean Reynolds for all 
patients is much lower. The transition to turbulence in the descending aorta was analyzed 
by Nerem et al (Nerem, Seed et al. 1971) who studied the occurrence of flow 
disturbances in the dog thoracic aorta. They found that the peak Reynolds (Rep) number 
and the Womersley ((x) numbers are linked to the occurrence of disturbed flow in this 
district: increasing the value of Rep or decreasing the value of (x led to more disturbance 
in the flow. Their study showed the dependence of the critical value of Reynolds (Rej on 
cc to be given by the relation: 
Re, = const xa (52) 
With the constant of proportionality ranging from 250 to 1000. This rule was applied to 
the patients of this study. The critical Reynolds number was calculated for each of the 
four patients and compared with the corresponding maximum Reynolds number 
in Table 
22. The critical value was calculated using a constant equal to 250, as suggested 
by 
Nerem et al. 
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Maximum I Critical 
Reynolds Reynolds 
Pi 3090 3045 
P2 3670 3942.5 
P3 1 2710 1 3177.5 
P4 1 1940 1 4380 
Table 22: Comparison of the Peak and Critical Reynolds 
numbers for the inlet of patients 1-4 
As shown in the table, the max Reynolds number exceeded the critical value only in case 
of the first patient and even in this case they were very close. Therefore laminar flow was 
assumed for all the patients in all the simulations. 
For all the models, the solid domain was constrained using the same boundary conditions 
as the S models (static solid models) shown in the previous section. For all the patients, 
the simulations were carried out for three cardiac cycles, but the results of both stress and 
flow patterns were found to be periodic after the second cardiac cycle. Figure 86 shows 
the behaviour of the displacement of four nodes of the fluid model in the bulge of patient 
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Figure 86: Time dependence of the displacement for four nodes 
for the fluid model of Patient 2 in the FSI simulation 
(the location of the nodes on the model is shown on the left). 
Boundary conditions and material properties for the models have been explained in 
chapter 4.1. In a similar way the flow and stress pattern of the control case was calculated 
here. The image set used for the creation of this model was the set CC I (see chapter 3.1). 
The inlet flow conditions were retrieved from the literature for the descending aorta 
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Figure 87: Inlet flow rate values for the Control Case 
9 
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5.3.1 Flow patterns in thoracic aortic aneurysms 
The flow patterns of the four TAA models were calculated using fluid-solid interaction. 
The flow patterns for 4 main instants in the last cardiac cycles were analyzed (Figure 88 
underlines these 4 phases on a sample flow curve): 
1) Systolic acceleration 
2) Peak systolic flow 
3) Deceleration 
4) Minimum velocity 
Figure 88: Flow phases analyzed for the FSI results 
The results are shown in Figure 89 to Figure 92. The vertical sections show the flow 
pattern along the aneurysm, while the horizontal sections show the velocity distribution in 
the bulge. The flow in the vertical sections is shown in terms of velocity magnitude for 
patients I and 4, due to the curvature of the model, while it is shown as vertical velocity 
for patients 2 and 3, since the aneurysm in this case is located in the descending aorta that 
develops vertically. The flow in the horizontal sections corresponds to the vertical 
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component of the flow. The point of minimum velocity in patients I and 4 corresponds to 
the point of peak reverse flow, since for these patients the volumetric flow is reversed 



















Figure 89: Flow results for patient 1; velocity magnitude in an inferior-superior (IS) section of the 
model (top row); vertical velocity in a transverse section (bottom row), in this case the forward flow 
points downwards and has a negative value in the adopted coordinate system. Note different scales 
for top and bottom rows (units in mm/s) 
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Figure 90: Flow results for patient 2; vertical component of the velocity in an inferior-superior (IS) 
section of the model (top row and in a transverse section (bottom row); in this case the forward flow 
points downwards and has a negative value in the adopted coordinate system. Note different scales 
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Figure 91: Flow results for patient 3; vertical component of the velocity in a an inferior-superior (IS) 
section of the model (top row and in a transverse section (bottom row); in this case the forward flow 
points downwards and has a negative value in the adopted coordinate system. Note different scales 















Figure 92: Flow results for patient 4; velocity magnitude in an inferior-superior (IS) section of the 
model (top row, flow direction from left to right); vertical velocity in a transverse section (bottom 
row), in this case the forward flow points downwards and has a negative value in the adopted 
coordinate system. Note different scales for top and bottom rows (units in mm/s). 
In all the models flow recirculation is present during most of the cardiac cycle. 
Similarities are found between patients I and 4, where the recirculation in the horizontal 
section is visible from peak systole, while during systolic acceleration the flow is 
predominantly forward. The flow in patient I shows a consistent jet coming from the inlet 
towards the bulge and it follows the shape of the bulge. A central development of the 
flow inside the aneurysm of patient 4 is visible from Figure 92. Partial recirculation 
remains inside the bulge of both patients also during the phase of reverse flow, though it 
is more visible in the model of patient 1, whose magnitude of reverse flow is higher. 
Similarities are also present between the flow patterns of patients 2 and 3, whose 
aneurysms are located in the descending aorta. The main stream of the flow bends 
towards the outlet in correspondence to the centre of the aneurysm. In these patients, 
small recirculation is already present during the acceleration part of the cardiac cycle. 
The presence of areas of reverse flow in the horizontal section is visible also during the 
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deceleration, while only forward flow is present at the minimum velocity point. 
Qualitative similarity of results can be found between this study and that performed by Di 
Martino et al in 2001, where recirculation was found in the aneurysm bulge in the main 
characteristic instants of the cardiac cycle. Other studies analyzed the flow pattern in 
abdominal aneurysm models (Finol and Amon 2001; Leung, Wright et al. 2004; Peattie, 
Riehle et al. 2004; Li and Kleinstreuer 2005; Scotti, Shkolnik et al. 2005; Khanafer, 
Gadhoke et al. 2006; Leung, Wright et al. 2006; Li and Kleinstreuer 2006) and patient 
specific models (Wolters, Rutten et al. 2005; Papaharilaou, Ekaterinaris et al. 2006). The 
presence of recirculation and vortices is confirmed by these authors, although the 
recirculation is usually seen in models during the deceleration phase only. The main 
difference between these studies and the present is that, in case of patients I and 4, the 
aneurysm is located in the arch and the shape of the arch is predon-finant in determining 
the flow pattern. In case of patients 2 and 3, the presence of thrombus was included in the 
solid model; therefore the size of the lumen is smaller than that assumed in other studies 
(Wolters, Rutten et al. 2005; Papaharilaou, Ekaterinaris et al. 2006). Pettie et al (Peattie, 
Riehle et al. 2004) showed that larger aneurysms are subject to higher disturbance of the 
flow and more evident flow separation during the cardiac cycle and that larger aneurysms 
in vivo may be subject to more frequent turbulence than smaller ones (possibly due to the 
greater area change that provokes a bigger spatial retardation and adverse pressure 
gradient). The bending of the aorta in these cases is likely to have greater effect on the 
flow. Furthermore, as pointed out earlier, patients 2 and 3 don't show negative flow-rate 
values during the cardiac cycle. The flow patterns for the control case matches very well 
the results present in the literature for the descending aorta (Wood, Weston et al. 2001), 
therefore they won't be reported here. 
Wall shear stress patterns for the four patients at peak systole are shown in Figure 93 and 
Figure 94. Figure 93 shows the WSS patterns for patients I and 4, whose aneurysm is 
located in the aortic arch. For both patients higher WSS values are present at the inlet and 
the bulge shows relatively low values of WSS. Patient I presents much higher values of 





Figure 93: WSS values for patient 1 (on the left) and patient 4 (on the right). Units in Pa. 
Different WSS patterns are found in patients 2 and 3, shown in Figure 94. For both 
patients the area of low WSS coincides with the location of the thrombus (indicated by 
the longitudinal section of the wall model on the left). By comparing patients 2 and 3, it 
can be noted that, for patient 3, low shear stress is present over the entire lumen/wall 
boundary, while for patient 2 the low WSS area is concentrated around the aneurysm 
bulge. WSS in the normal aorta is relatively uniform with small spatial variation. As can 






Figure 94: WSS values for patient 2 and 3 and for the control case; Longitudinal sections of the wall 
domains for the two TA models are also shown to demonstrate the correspondence between low WSS 
regions and locations of thrombus (units in Pa) 
Overviews of the flow pattern at peak systole throughout the aneurysms of patients 2 and 
3 are shown in Figure 95 to examine the link between abnormal flow patterns and the 
presence of thrombus. As mentioned before, for both patients 2 and 3 flow recirculation 
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is observed in the aneurysm bulge, located in the middle of the descending thoracic aorta 
of patient 2 and in two regions for patient 3 (as shown in the horizontal sections of Figure 
95). As shown by Bluestein et al. (Bluestein, Niu et al. 1996) for AAA models, platelets 
trapped in recirculating zones tend to be deposited in areas of low shear stress, since this 
and the presence of vortices cause prolonged contact of the platelets with the surface in 
the layer of slow fluid motion (Bluestein, Rambod et al. 2000). This can provide an 
insight into the mechanism that promotes the thrombus renewal and possibly enlargement 














Figure 95: Flow patterns inside the TA models for patients 2 and 3. Note that forward flow points 
downwards and has a negative value in the adopted coordinate system. In each case, the flow pattern 
at the middle section of the aneurysm bulge is given on the left (forward flow is shown in blue), the 
thrombus layer is coloured in green while the wall is in violet. Reversed flow (in red) occurs on the 
thrombus side (units in mm/s). 
The WSS patterns show that low shear stress is present in the bulge area, and patient 3 
has a larger area of low WSS. This coincides with the location and distribution of 
thrombus in this patient, implying the role of low WSS in the formation and propagation 
of ILT. It has been reported that platelet activation is correlated with low WSS (Savage, 
Saldivar et al. 1996) and its deposition is enhanced by flow recirculation (Bluestein, Niu 
et al. 1996) and low WSS (Bluestein, Rambod et al. 2000), that allow prolonged contact 
of the platelets with the lumen surface. It has also been found that interaction between 
the fibrinogen and platelet receptors occurs at low shear stress levels and the luminal 
layer of ILT is itself highly thrombogenic (Touat, Ollivier et al. 2006). These results 
imply that the areas of recirculation and low WSS may be susceptible to further thrombus 
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renewal and propagation. A similar correspondence between low WSS and location of 
thrombus was found by Leung et al (Leung, Wright et al. 2006) in patient-specific AAA 
models. 
5.3.2 Comparison between F, S and FSI analysis 
As explained in chapter 4.1, for patients I to 4 three models were created: 
* the S model, which has the geometry of the arterial wall and for which static 
structural analysis was performed under the assumption of uniform internal pressure; 
9 the F model, for which the flow pattern was analyzed under the assumption of rigid 
wall; 
9 the FSI model, where fully coupled blood flow and stress analysis was performed 
coupling the wall domain of the S model with the fluid domain of the F model - 
Comparing the stress pattern for the S and FSI models, the results show that they are very 
similar and the differences are negligible. For patients 2 to 4 the point of maximum stress 
is the same for both models. Only the S and FSI models for patient I showed different 
location for peak stress. This is probably due to the particular shape for this patient: for 
the S model, the point of maximum stress is located in the arch, while for the FSI model 
it is located on the wall. Figure 96 shows a comparison between these two locations. 
Figure 96: Comparison of the stress patterns inside the aneurysm of patient 1 from the FSI model 
(on 
the left) and the S model (on the right). 
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The location where the FSI simulation gives the peak wall stress corresponds to an area 
where the reconstruction was affected by artefacts in the images, therefore the peak wall 
stress location is more reliably predicted by the S (solid static) model (the kink on the top 
of the aneurysm where the peak stress of the FSI model occurs does not actually exist). 
However, for comparison, the maximum stress at this location will be compared for FSI 
and S model to appreciate the difference between the two solution methods. 
Table 23 shows the differences in predicted maximum wall stress between FSI model and 
S model. 
Max Stress FSI S A% 
Pi 71.64 73.89 -3.0 
P2 82.25 79.36 3.4 
P3 51.92 51.81 0.1 
P4 75.14 74.42 1.0 
cc 41.80 41.54 0.6 
Table 23: Comparison of the peak stress calculated in the S 
and FSI models for patients 1-4 (units in KPa). 
Comparisons between results from the FSI simulations and static stress analyses show 
that the difference in predicted peak wall stress is very small, ranging between -3.0% for 
patient I to 3.4% for patient 2. This agrees with other findings in the literature (Leung, 
Wright et al. 2006), where it is pointed out that the difference between stress levels in the 
fully coupled models and static models is due to the flow-induced pressure, which is 
negligible compared to the pulse pressure load. In 4 out of 5 models, the wall stress in the 
static analysis is underestimated in comparison with that obtained from the fully coupled 
solution. This finding agrees with most studies in the literature. The difference in the 
behaviour of the model of patient I can be ýexplaineýd by the geometry of the patient and 
looking at the pressure drop along the aneurysm which is higher than 
in other patients 
(see Table 23). This helps to understand why the area close to the inlet experiences a 
higher wall stress in case of the static structural model (where the exerted pressure 
is 
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constant all over the aneurysm) in comparison with the FSI model, possibly due to the 
flow-induced distortion of the wall. 
The stress variation found here is higher than that found by Leung et al. but lower than 
that reported by Scotti et al. (Scotti, Shkolnik et al. 2005) and Papaharilaou et al. 
(Papaharilaou, Ekaterinaris et al. 2006). In the first study, a higher relative internal 
pressure was used (120 mmHg versus 40 mmHg of the present study), hence the 
sensitivity of the computed stress to the pressure drop along the vessel is lower than in 
the present study In Scotti's work, a 1.5 mm wall was used to model a hypothetical 
n'k abdominal aneurysm, as opposed to the wall thickness of approximately 3 mm measured 
from in vivo images of the patients in this study: a thinner wall is more sensitive to the 
internal pressure variation; therefore a larger difference between FSI and static analysis 
results can be expected. The same applies to Papaharilou et al. 's work which is based on 
a decoupled fluid and structure approach, so that the flow pattern and pressure drop 
calculated from the fluid model is not influenced by the wall motion since the wall was 
kept rigid. 
The comparison of the maximum displacement is shown in Table 24: in a similar way to 
that found for the peak wall stress, the difference in displacement magnitude is negligible 
and lower than 3% for all the patients. 
Table 24: Comparison of the peak displacement calculated in the S and 
FSI models for patients 1-4. 
The flow pressure drops between the inlet and the outlet of each model were calculated 
for both F and FSI models: Figure 97 shows the pressure 
drop over the cardiac cycle for 
the 4 aneurysm patients and the pressure patterns at the point of peak systolic pressure. 
The main difference in pressure drop appears 
during the systolic part of the cardiac cycle, 
when the maximum expansion of the aneurysm occurs and 
the hydraulic resistance falls. 
Model 
Peak displacement (mm) 
A% 
FSI S 
PI 1.46 1.43 2.31 
P2 3.69 3.66 0.87 
P3 1.97 1.99 -0.95 
P4 3.67 3.63 1.05 
cc 1.48 1.49 1.27 
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The maximum pressure drop for each model is reported in Table 25: as is visible, the 
pressure drop for patient I is very high, due to the presence of the stenosis located in the 
area of the coarctation; in the FSI solution, the value drops dramatically due to the 
compliance of the wall that absorbs part of the kinetic energy of the blood flow during the 
systole. The difference in pressure drop for the other patient is lower; however the 
percentage difference remains high, with patient 3 having a pressure drop that decreases 
by 14% when the calculation takes into account the distensibility of the arterial wall. 
Max Pressure 
FSI :IF drop 
Patient 1 13.3 17.3 
Patient 2 1.98 2.05 
Patient 3 3.33 3.89 
Patient 4 1.07 1.21 



























































Figure 97: Pressure patterns at the peak systolic pressure for the four patients, results from the F 
model on the left and from the FSI model on the right; pressure drop along the aneurysm model in 
the centre (units of the pressure patterns in KPa, the pink line is relative to the F model, while the 
blue line is relative to the FSI model). 
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The differences in WSS were analyzed and no major differences were found between F 
and FSI model for each patient. On average, the values of WSS for the F models were 
higher than those of the FSI model, due to the distensibility of the wall. A comparison 
between the WSS patterns between the two models for the 4 patients is shown in Figure 
98 to Figure 101 - 
i5 
10 
Figure 98: Comparison between the WSS pattern in the F model 






Figure 99: Comparison between the WSS pattern in the F model 
(on the left) and FSI model (on the right) of Patient 2 (units in Pa). 
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Figure 100: Comparison between the WSS pattern in the F model 




Figure 101: Comparison between the WSS pattern in the F model 
(on the left) and FSI model (on the right) of Patient 4 (units in Pa). 
The scale of the images has been chosen in order to highlight the areas of low wall shear 
stress. The main differences in WSS patterns are visible in the bulge for patients I and 4, 
with marked effect at the outlet of the bulge for patient 4 and visible effects on the 
descending part of the arch for patient 1. Smaller differences are present in case of patient 
2 and 3, where the coincidence of minima of WSS and location of ILT is more evident in 
case of FSI solution. 
5.3.3 Summary of the FSI study 
A group of 4 patients and a control case have been scanned using MRI technique and 
patient-specific FEM models have been created. Fully coupled fluid-solid interaction 
simulations have been carried out using patient specific flow conditions (literature values 
164 
of flow were used for the control case). The results show complex flow patterns inside 
the lumen of all the patients, with evident along the aneurysm and low WSS values in the 
area corresponding to the aneurysm bulge. For patients 2 and 3 flow recirculation was 
observed in correspondence of the ILT formation and the possibility of a link was 
analyzed. 
The results of the FSI analysis were compared with those from static solid stress analysis 
(S model) and flow calculation using rigid-wall assumption (F model). No major changes 
in stress patterns were found comparing the results from S model and FSI model and a 
maximum difference of 3% in peak wall stress was found. Similar conclusions can be 
drawn in case of displacement. Analysing the difference between the results of the F 
model and FSI model, virtually no difference in WSS pattern was found for patients 2 
and 3, while more visible differences are present in correspondence of the outlet of 
patient I and 4. The pressure drop along the aneurysm is similar in both models for all 
patients; however, the percentage difference is high, ranging from 3.4% for patient 2 to 
23.1% for patient 1. The highest difference occurs in case of patient 1, whose peculiar 
model geometry causes high pressure drop, which decreases dramatically when the 
compliance of the wall is taken into account. 
The results of this comparison have suggested that fully coupled computation of stress 
doesn't provide substantially different results from the static-stress analysis; therefore the 
use of this feature may not be relevant in case of clinical application of the peak stress 
criterion. These results agree with those found by Leung et al. (Leung, Wright et al. 2006) 
in case of abdominal aneurysm models, suggesting that future research may be carried 
out ignoring the effect of flow for the wall stress calculation. 
5.4 Combination of wall stress analysis with functional images 
Inflammation and media cell death are important biological activities involved in 
aneurysm growth. The use of positron emission tomography (PET) can 
help locate and 
measure metabolic activity of cells: PET is a technique able to produce 
image maps of 
functional processes in the body. It is based on the use of a short-lived radioactive tracer 
isotope, which has been chemically incorporated into a metabolically active molecule and 
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injected into a living subject through the blood circulation. The radioactive tracer decays 
by emitting a positron; the most commonly used molecule for this purpose is 
fluorodeoxyglucose (FDG). The most common use for this technique is the detection of 
tumors, since FDG uptake into malignant cells is enhanced by an increased expression of 
glucose transport molecules on the tumour cell surface. However, FDG uptake is not 
specific for turnours. FDG-PET can also be positive in inflammatory disease and 
atherosclerosis (Tawakol, Migrino et al. 2005): within tumours, as well as in 
inflammatory lesions, part of FDG is taken by macrophages and other blood cells. The 
macrophage glycolisis generates the signal that reaches the scanner. Figure 102, from 
Sakalihasan et al. (Sakalihasan, Van Damme et al. 2002), shows a comparison between 
the PET image of a patient with partially ruptured AAA, the CT of the abdomen in the 





Figure 102: Images of a partially ruptured AAA (from Sakalihasan et al., 
2002): on the left, the PET 
scans show increased metabolic activity 
in the aneurysm wall; on the right, the upper image shows 
the PET emission horizontal section of the abdomen of the patient, 
the second image shows the 
transmission image relative to that section and the third 
is a fusion of the previous images. 
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Sakalihasan et al. examined 26 patients with AAAs who underwent PET-imaging and 
suggested a possible association between increased 18-FDG uptake and AAA expansion 
and rupture (Sakalihasan, Hustinx et al. 2004). 10 patients had positive uptake of FDG- 
PET and 9 of them experienced leak (n=l), rupture (n=l), high expansion rate (n=2) and 
chest pain (n=5) within 30 days of the scan. The author also suggested that the 
comparison of PET imaging with morphological and biochemical analyses of specimens 
of excised aneurysm wall should provide more insight in the pathogenesis of aneurismal 
disease (Sakalihasan, Hustinx et al. 2004). 
Sakalihasan's group provided PET-CT fusion images for patient 6 in this study. Figure 
103 shows a comparison between a vertical section of patient 6 and PET-CT image that 
shows high level of FDG uptake on the side of the descending thoracic aortic aneurysm. 
The stress pattern shows high level of stress in an area that is very close to that 
highlighted by the PET-CT image. 
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Figure 103: Comparison of the Stress pattern in a vertical section of the TAA of patient 6 (the point 
of peak stress is shown with A) and a PET scan at approximately the same section. 
Positive uptake of 
FDG corresponds to the area of high stress. 
Figure 104 shows a horizontal section of the TAA model close to the point of maximum 
stress, along with the corresponding PET image showing the 
FDG uptake in this location. 
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Figure 104: Horizontal section of the TAA model showing wall stress (on the left) and the 
corresponding PET image showing positive FDG uptakes (on the right). 
he location of high stress at this section correlates well with the sites of high FDG uptake 
shown by the PET-CT fusion image. Figure 105 displays the effect of the expansion of 
the wall tear as a result of wall rupture (which occurred 6 months after the first scan), and 
the expansion of the lumen inside the chest. As shown by the stress pattern on the outer 
wall given on the right, this area experienced high stress levels before rupture and the 
location of peak stress on the wall is 20 mm below the point where the rupture was found 
by the surgeon. The distance between the section where the maximum stress occurs and 
the point of rupture can be explained in terms of reconstruction inaccuracy and local 
change in wall thickness in the anatomy of the patient that is not taken into account in the 
present computational model. Also the presence of anatomical features, such as external 
organs that affect locally the stress patterns could have caused this difference in terms of 
results. Nevertheless, these two points are located on the same side of the aneurysm and 
the overall stress pattern provides good indication about the region where the rupture has 
occurred. 
168 
Figure 105: On the left, transaxial image of intravenous con trast- enhanced CT at the same 
anatomical location as Figure 99, acquired six months later: A markedly larger and ruptured 
descending thoracic aorta, associated with left pleural effusion (white asterisk) is shown; on the right, 
the stress pattern on the aneurysm wall before rupture highlights the presence of a large area of high 
stress at the location of rupture (the point of peak stress is shown with A). 
The results of the study show good agreement between the stress calculation and the FDG 
uptake revealed by the PET-CT images. The PET-CT showed precisely the location of 
rupture is within an area of high FDG uptake, while the stress analysis of the same patient 
showed peak stress occurring approximately 20 mm below the point where the rupture 
was indicated by the surgeon. PET appears to better indicate the location of rupture. 
However, false-positive FDG-PET image could occur due to the presence of several sites 
of normal Physiologic accumulation of FDG, infectious disease, or could be affected by 
postoperative surgical conditions in the body (Chang, Lee et al. 2006). Therefore, the 
combination of these two methodologies can provide a very good tool for decision 
making by the surgeon for the prediction of the individual potential of rupture. 
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5.5 Effect of the reconstruction technique on the stress pattern of TAAs 
5.5.1 Results of the simulations 
The procedure for the TAA model creation explained in chapter 4.2.2 was applied to 
patients A and B (see Table 14 for model details). Four TAA models, two for each 
patient, were generated and analysed here. As explained earlier, the two models for each 
patient have the same outer wall surface but differ in lumen surface details and 
distribution of intra-luminal thrombus. The effects of these geometrical differences on 
predicted stress patterns were examined by performing solid stress analysis of these 
models under the same loading and boundary conditions. A static uniform internal 
pressure of 40 mm-Hg (representing the deviation between the systolic and diastolic 
pressure of a normal subject) was applied. Figure 106 shows the predicted stress patterns 
on the anterior walls of models AHand AHM(for patient A). Similar stress patterns were 










Figure 106: Comparison of wall stress patterns on the outer wall for Patient A 
(AH in Figure 106a, 
AHm in Figure 106b); the dotted lines show the sections where transverse stress 
distributions are 
presented in Figure 107, the point of maximum stress 
is indicated with A (Units in kPa). 
(b) 
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This was supported by stress distributions in the transverse sections at locations where 
maximum stress was found (Figure 107, with locations of the sections indicated in Figure 
106). The region of high stress in model AHis larger than in AHm because of the different 
thrombus distribution given by the different lumen details determined for two models. 
Stress patterns within the thrombus layer are similar since the stress level there is 
relatively low, primarily due to increased wall thickness in this area and secondarily to 
the high thickness of the thrombus layer. 
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Figure 107: Comparison of cross-sectional wall stress distributions at the locations of maximum 
stress for Patient A (AH in Figure 107a, AHM in Figure 107b); the point of maximum stress is 
indicated with A (Units in kPa). 
Figure 108 and Figure 109 show the predicted stress patterns for models BH and BHM 
(patient B) on the posterior wall and transverse sections respectively. Similar to 
observations made with models for patient A, the stress patterns agree qualitatively but 
quantitative differences exist, with higher stress values in model BH(the maximum stress 
in the BHmodel is 8.6% higher than in the BHMmodel). Figure 109 gives the comparison 
of stress distributions at two sections along the aneurysm, as indicated in Figure 108 with 
dotted lines. Stress patterns in these models are strongly dependent on the distribution of 
thrombus and lumen shape. In the upper section the high stress regions differ slightly and 
in both models the maximum stress is located where the thrombus is the thinnest. In the 
lower section, areas of high stress are present in model BHbut are absent in model 
BHM, 















Figure 108: Comparison of wall stress patterns on the outer wall for Patient B (BH in Figure 108a, 
BHm in Figure 108b); the dotted lines show the sections where transverse stress distributions are 














Figure 109: Comparison of cross-sectional wall stress distributions at two locations for Patient B; 
sections from model BH are given on the in Figure 109a Figure 109c and sections 
from model BtjNj are 
in Figure 109b and Ild. The point of maximum stress is indicated with A (Units in 
kPa). 
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The results show that different types of MR images for the definition of lumen surface 
can result in different stress patterns along the aneurysm and different values of 
maximum stress. The results are of course dependent on the accuracy of image 
segmentation: sets A2 and B2 images were segmented automatically using the same 
threshold, so that the resultant contours cLm can be regarded as repeatable. 
5.5.2 Discussion of the results 
The predicted stress patterns in aneurysm models are highly dependent on the 
reconstructed model geometry and in particular on the detailed shape of the lumen and 
outer wall. The segmentation of lumen contour is well established; however, the 
segmentation of the aortic wall and its components remains a problem to date for patient- 
specific model creation. Several attempts have been made to obtain wall thickness data 
from in vivo images, but few studies have focused on aneurysms, especially aneurysms 
with intra-luminal thrombus. In this work, a novel method for the creation of an 
aneurysm model has been developed and applied to two subjects. The novelty of the 
method is the combination of two sets of MR images: the first set (HASTE images) 
allows segmentation of the arterial wall and thrombus but suffers from a low in-plane and 
vertical resolution so that the final result is a very coarse model of the aneurysm (see 
Figure 53b). The second set (MR Angio sequence, acquired with subtraction technique) 
provides excellent details of the lumen of the aneurysm (see Figure 53c) with high in- 
plane and vertical resolutions (see Table 13 for detail); however, the use of contrast agent 
for the acquisition of these images makes only the lumen and other vascularised tissues 
visible, and the segmentation of wall and thrombus is not possible. Combining 
information from the two sets of images offers the opportunity to construct a model with 
the best resolution for both aortic wall and lumen. The procedure for incorporating the 
two sets of contours requires co-registration of the contours via smoothing and 
realignment of the centrelines of the lumen contours. Since the boundary between the 
aortic wall and the thrombus was not clearly visible everywhere in the image sets Al and 
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B 1, the wall thickness has been measured where visible and then averaged for each 
patient. The aneurysm wall has been created as a layer with constant thickness with the 
segmented outer wall as external boundary. Because of the different levels of detail of the 
lumen segmented from the HASTE and MR Angio sequence sets, partial overlapping 
between the lumen surface and internal wall surface could occur in some sections 
especially where the circumferential distribution of the thrombus was non-uniform. Local 
readjustment of the contours was necessary and this led to local differences between the 
H and HM wall domains; however, for both patients the H and HM models gave the 
maximum stress at the same location and the thrombus thickness in that area was similar. 
The sensitivity of the predicted stress to the function parameters a, b, c used for the 
contour readjustment was assessed on one of the four models (model BH) and, as 
explained in chapter 3.2.2, the maximum difference between the stress of each 
combination of parameters (a ranging from 60 degrees to 120 degrees, b ranging from 0.4 
mm to 0.6 mm and c ranging from 0.6mm to I mm) and the initial case was 8.3%, which 
is lower than the maximum stress difference between the H and HM model for both 
patients. Furthermore, the average stress difference due to the parameter variation was 
4.4% and the overall stress pattern does not change qualitatively. Hence it is possible to 
confirm the validity of the comparison results. The proposed approach aimed at offering a 
better way to resolve the external wall and the aortic lumen boundary by merging the 
information from two sets of images, but an improved wall thickness measurement is 
needed. 
The results of finite element stress analysis under a static loading condition showed 
differences in stress patterns between the two models due to differences in detailed 
geometrical features of the lumen surface. For both patients, the stress value of the coarse 
model was higher than that of the fine model created via two sets of images. The 
availability of a larger number of transverse slices and thinner slice thickness offers more 
details for the reconstruction of the lumen surface that captures the complicated realistic 
morphological features. The difference in lumen diameter between the H and HM model 
was examined and it was of the order of magnitude of the resolution of the HASTE 
images, so the difference in morphology can be attributed to the lower resolution of this 
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image set, supporting the inferred higher reliability of the model created with both sets of 
images. 
The resulting final shape for the wall model of the two aneurysms is fairly "smooth", due 
to the limited number of slices available for the creation of the external wall surface. It 
would be desirable to have a set of HASTE images with smaller inter-slice distance and 
larger number of slices, so that the outer wall surface could be reconstructed more 
realistically. 
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CHAPTER 6: CONCLUSIONS AND 
SUGGESTIONS FOR FUTURE WORK 
6.1 Main conclusions 
In this work, a methodology for the creation of patient specific TAA models has been 
developed and applied to a population of patients.. The finite element method has been 
used to calculate the stress pattern on a group of patients and similarities with the results 
available in literature for abdominal aneurysms have been found. The hypothesis is that 
finite element stress analysis based on patient-specific information is able to provide a 
better predictive tool than those used till now, based on simple geometrical 
measurements, in a similar way to what found for abdominal aneurysms (Fillinger, Marra 
et al. 2003; Venkatasubramaniam, Fagan et al. 2004). In one case, where information 
about the outcome were available, correlation between rupture point and high stress area 
was found. The availability of information about the outcome of other patients would 
validate this hypothesis in case of TAAs and provide information about the validity of the 
hypothesis. This work consists on an initial step in this direction. 
In this thesis, the procedure for the reconstruction of a TAA model from in vivo images 
has been developed, based on the methodology employed and validated for AAA models 
(Raghavan 1998; Leung 2006). Modification of the previous methods has been made in 
order to account for the different anatomical features of aneurysms involving the aortic 
arch and descending aorta, as well as the use of MR images to define geometry and 
boundary conditions. The FEM model has been created by importing patient-specific 
geometries into ADINA and defining materials and boundary conditions. For validation 
purpose, the numerical results for the first patient have been compared with in vivo 
measurements acquired using MR1 and predictions from a well-established code. 
Satisfactory agreement has been achieved in both cases and a sensitivity analysis on the 
effect of inlet conditions on the predicted flow pattern inside the aneurysm 
has been 
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carried out, demonstrating little effect on both velocity field and WSS patterns in the 
aneurysm bulge. 
FSI models have been constructed for 4 patients and a control case, the flow pattern has 
been analyzed along with wall shear stress and possible link between recirculation and 
thrombus formation. The effect of coupled flow and stress analysis has been investigated 
to quantify the differences between FSI solution and decoupled solid analysis and fluid 
analysis. The solutions show similar values of wall stress, with a maximum difference of 
3% in case of the first patient; the WSS patterns calculated using fluid-solid interaction 
technique doesn't differ substantially from those calculated using the rigid-wall model, 
however local differences show that WSS values are lower in the FSI model. The 
comparison of pressure patterns show similar results, with higher pressure drop along the 
aneurysm calculated using the rigid-wall model. 
The structural models of 8 patients and the control case have been built in order to 
analyze the factors that affect the wall stress in TAA patients and, for the control case, the 
effect of the scanning parameters on the model geometry reconstruction and wall stress 
calculation. In a similar way to what was previously found for abdominal aneurysms, the 
stress pattern has been shown to be highly dependent on the geometry of the aneurysm. 
Geometrical parameters such as maximum aneurysm diameter, aneurysm length and 
curvature are not significantly correlated with peak wall stress, but good correlation has 
been found between peak wall stress and the rupture probability calculated using the 
method devised by Juvonen et al. (Juvonen, Ergin et al. 1997). 
A novel methodology has been developed, which combines several sets of images with 
different levels of detail and different resolutions to reconstruct TAA models. Two sets of 
images have been employed to create the final model, which has the highest level of 
detail for each component of the aneurysm (lumen, thrombus, and wall). 
Comparison 
with basic models built from a single set of images has 
demonstrated significant 
differences between the new model (fine with high resolution) and the basic model 
(coarse with low resolution) for the two cases examined. 
The coarse models tend to 
predict higher stress with up to 41 % difference in predicted peak wall stress. 
The combination of wall stress analysis with 
functional images has been performed for 
one patient whose PET images were available. 
The results show good agreement between 
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the stress calculation and the FDG uptake revealed by the PET-CT images. The site of 
rupture, area of positive FDG uptake and the location of peak wall stress have been found 
in almost the same area, indicating a possible link between biomechanical forces and 
metabolic activities in the aneurysm wall. This needs to be further investigated using 
more patient data. 
6.2 Limitation of the study 
The stress analysis of aneurysms requires a number of assumptions, which present 
limitations in terms of accuracy and clinical practicality. These limitations are 
summarized and discussed below. . 
6.2.1 Model reconstruction 
The methodology for the creation of aneurysm geometry was mainly adopted from 
previous studies, focused on AAAs. The reconstruction of the models for patients I and 
4, who had aneurysm located in the aortic arch, required additional processing of the 
sections extracted from the MR images. This step yielded acceptable results, though 
small local geometry errors were introduced. The use of 3D image processing software, 
such as Mimics or Arnira, could provide more efficient reconstruction for very complex 
geometries and should be considered in the future. 
The assumption of a constant wall thickness, adopted in this work, though widely used in 
the literature (Di Martino, Guadagni et al. 2001; Wang, Makaroun et al. 2002; 
Venkatasubramaniam, Fagan et al. 2004; Leung, Wright et al. 2006; Papaharilaou, 
Ekaterinaris et al. 2006), is a limitation due to the restrictions of the MRI protocol 
adopted, that did not provide sufficient pixel resolution for in vivo scans. In order to 
customize the creation of the wall model for each patient, a number of measurements of 
wall thickness were performed from the MR images at locations where the boundaries 
between wall, thrombus and lumen were clearly visible. However, due to the lack of 
contrast between the wall and thrombus layers in many regions and due to the blur 
occurring in some images because of respiratory motion, a faithful reconstruction of local 
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wall thickness would not be feasible. Results in the literature show that wall thickness is 
an important factor in determining the peak wall stress in aneurysm models 
(Venkatasubramaniam, Fagan et al. 2004; Scotti, Shkolnik et al. 2005). More advanced 
imaging modalities or MR protocols are needed in order to provide better details about 
the local wall thickness in aneurysm models. A possible solution for this limitation, 
would be modelling the thrombus distribution on the aneurysm using a local thickness 
which depends on axial and angular coordinate on each slice, i. e. t= t(O, z), rather than a 
constant value, interpolating the thickness value on the measurements performed on the 
MRI images all over the aneurysm shape. This would be a step towards a more reliable 
reconstruction of patient specific TAA models: however, the application for such method 
may yield interpolation problems of the thickness value over the surface and further 
readjustment may be needed. 
6.2.2 Material properties 
Six out of eight patients of the population study have ILT inside the aneurysm: for these 
patients, the results show that Peak wall stress is located in the aneurysm bulge, on the 
side of the wall which is free from thrombus. Based on findings reported in the literature, 
the presence of ILT in AAAs is thought to have a protective effect on the aortic wall 
(Mower, Quinones et al. 1997; Schurink, van Baalen et al. 2000; Wang, Makaroun et al. 
2002). 
It should be noted that the actual effect of ILT may depend on the thrombus composition 
(which in this work has been assumed to be a homogeneous material) and material 
properties; for this study values from the literature were used, which correspond to 
population-mean values (Raghavan and Vorp 2000; Vorp, Schiro et al. 2003). Due to the 
absence of symmetry in patient- specific models, it was not possible to implement a 
biaxial constitutive relationship for the aneurysm wall, neither was it possible to 
divide 
the thrombus into luminal and medial layers due to the lack of MR tissue contrast 
between the two. However, it has been shown that there is no significant difference in 
stiffness between the longitudinal and circumferential 
directions (Wang, Makaroun et al. 
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2001), and Di Martino et a]. a properties of the thrombus layers does not significantly 
change the computed stress levels. 
In terms of the wall material properties, several studies have shown that the thoracic 
aorta, in case of the presence of aneurysm, presents anisotropic behaviour. Fuikui et al. 
(Fukui, Matsumoto et al. 2005) adopted a spherical approximation for an aneurysm to 
retrieve information on the in-vivo material properties of a TAA from in-vitro 
measurements. They showed that the aneurysm became more anisotropic when stiffened, 
and that those specimens where the exact direction of the fibres was retrievable showed 
that the wall was stiffer circumferenti ally than longitudinally, similarly to the findings of 
Thubrikar et al. (Thubrikar, Labrosse et al. 2001). However, the behaviour of the TAA 
strips changed when the test was converted from equibiaxial stress (anisotropic) to 
equibiaxial strain (isotropic). Okamoto et al. (Okamoto, Wagenseil et al. 2002) drew 
similar conclusions, but found that the degree of anisotropy decreased with the unloaded 
wall thickness for strips of the ascending thoracic aorta. Vande Geest et al. (Vande Geest, 
Sacks et al. 2006) derived a possible equation for the biaxial mechanical response of 
AAAs: the comparison of the uniaxial response for AAA tissue with the biaxial curve 
showed a stiffer behaviour in case of isotropic material in low strain regions. The use of 
isotropic material properties is a strong limitation for the present work; however the 
application of the anisotropic properties is not feasible when the exact direction of the 
fibres is not available. Furthermore, Vorp et al. (Vorp, Schiro et al. 2003) found the 
maximum tangential stiffness of ascending TAA strips to be very similar in the 
longitudinal and circumferential directions, and that statistical difference in the value of 
the constants defining the model (see the methodology section) was found only 
for the b 
constant. The use of anisotropic material properties would probably provide more 
accurate estimation of the wall stress inside the aneurysm wall; 
however, this estimation 
was performed on three abdominal aneurysm models (Vorp 
2007) where the anisotropic 
material properties curve was implemented. The results show that using anisotropic 
material properties yields larger areas of high wall stress 
in comparison with those of an 
isotropic material simulation. The peak stress is also 
higher with the anisotropic model, 
but the increase in peak stress from isotropic to anisotropic model 
follows a very similar 
trend with approximately same percentage of 
difference for all the three cases. Therefore, 
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the use of isotropic model for wall properties is an acceptable assumption for the 
comparison of stress levels in a group of aneurysms. 
The presence of calcification was neglected, though their presence is visible mainly in the 
CT data sets. Their effect is debated, since it has been shown that it affects the wall stress 
distribution (Inzoli, Boschetti et al. 1993); however, Wiliamson et al. (Williamson, Lam 
et al. 2003) show that the wall stress within arterial tree is insensitive to variations in the 
elastic modulus and the presence of other wall features, such as fibrous and calcified 
plaques. Recently, a study by Speelman et al. (Speelman, Bohra et al. 2007) showed that 
the inclusion of calcifications in AAA models resulted in a marked alteration of the stress 
distributions leading to an increase in peak stress by 22%: therefore the location and 
shape of calcified regions, not only the relative amount, should be considered in the 
analysis of the rupture risk of aneurysm. 
6.2.3 Boundary conditions 
The boundary conditions adopted in this work, full constraints at both ends of the 
aneurysm, simulate the tethering of the aorta. Few solid models of the aortic arch are 
present in the literature and similar conditions have been used by others (Gao, Watanabe 
et al. 2006). It has been demonstrated by Jin et al. (Jin, Oshinski et al. 2003), using a 
descending aorta model, that the inclusion of the full wall motion improves the agreement 
of the computational results with velocity MR measurements. The effect of the tethering 
forces of the aorta was investigated by Thubrikar et al (Thubrikar, al-Soudi et al. 
2001), 
who applied axial displacement at one boundary of the aneurysm and 
found that this 
alteration provoked considerable increase in wall stress and affected the stress 
distribution and orientation. 
The use of non-patient specific values for outlet pressure (see chapter 
4.1.4) is another 
limitation due to the lack of techniques to measure arterial pressure non-invasively. 
As 
demonstrated in chapter 5.2.1, the use of patient-specific pressure values produce marked 
differences in peak wall stress, therefore the actual pressure values should 
be taken into 
account. Non-invasive methods, such as the calculation of systemic 
pressure from 
measurements of ophthalmodynamometry and carotid 
tonometry (Morgan, Yu et al. 
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1998; Segers, Rietzschel et al. 2005) should be considered in order to customize the 
aneurysm model for the patient specific stress calculation. 
6.2.4 Fluid model 
As explained in chapter 5.1.3, the validation of the fluid model has yielded acceptable 
results during the systolic acceleration of the cardiac cycle, but poor results during the 
diastolic phase. The comparison with CFX, which is a more extensively validated CFD 
software, has shown large differences during deceleration phase and diastole, mainly in 
the area close to the outlet. The use of an extension for the outlet, with a suitable length 
that would prevent from having recirculation in the outlet, may improve the solution in 
ADINA and decrease the amount of discrepancies. 
The grid-independence test performed for each model was performed under steady-state 
conditions. Since the final model is solved using time-dependent boundary conditions, it 
would be more correct to apply the same boundary conditions in the grid independence 
test in order to evaluate its effect on the mesh independence and a finer mesh would 
probably result to be necessary for the aneurysm model. 
6.3 Suggestions for future work 
6.3.1 Inclusion of the spine and internal organs in the computational model 
A preliminary study on the effect of boundary conditions was performed by a MSc 
student working on the reconstruction and modeling of thoracic and abdominal 
aneurysms. The aneurysm of patient 6 was reconstructed using the same methodology 
developed in this work but 4-node tetrahedral elements were used to create the 
computational mesh of the geometry. The spine of the patient was segmented and the 
geometry of the spine was created (due to the coarseness of the vertical resolution of the 
images, only a few slices of the spine could be identified therefore the final geometry 
only give a crude representation of the spine). It was modeled as an 
isotropic elastic 
182 
material with density equal to 1000 kg/m3, Young's modulus E= 20 GPa and Poisson 
ration n=0.49 to simulate incompressibility. The contact between the spine and 
aneurysm was simulated using the same contact algorithm adopted for the boundary 
between thrombus and wall, assuming no sliding at the point of contact. The difference in 
wall stress between the free-expanding model and the spine-constrained model was found 
to be 1.4%, with the model including the spine yielding slightly higher peak stress 











Figure 110: Comparison of the wall stress pattern in the free-expanding model (on the left) and the 
spine- constrained model (on the right), where the spine is in blue. The arrow shows the area of peak 
stress once the boundary effect on the top edge is eliminated. 
A similar attempt was performed by Watton et al (Watton, Hill et al. 2004), who analyzed 
the effect of the spine on their model of aneurysm growth; the spine caused preferential 
anterior bulging with thinning of the aneurysm in the bulge area. The increase 
in stress is 
similar to that found in by others in the literature (Raghavan and Vorp 
2000) but the use 
of an idealized model and the absence of other anatomical features 
(such as ILT) make 
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direct comparison of the results difficult. However, the importance of including spinal 
column and internal organs in computational models is still debated (Gasbarro, Di 
Martino et al. 2005). 
6.3.2 Analysis of the wall strength and identification of a rupture Index 
The calculation of the wall stress is the first step towards the identification of the rupture 
potential of an aneurysm. The adoption of the engineering approach to predict the failure 
of the aneurysm tissue requires the knowledge of the strength of the tissue. At present, no 
reliable model of aneurysm strength is available. Vande Geest et al. (Vande Geest, Di 
Martino et al. 2006) published an equation for the AAA wall strength (S) derived from 
multiple linear regression of statistical models: 
S=729-33.5*(ILT4/2 -0.79) -123 *(NORD- 2.31) -24*HIST+15* SEX (53) 
Where strength is in N/cM2, ILT (thickness in cm), age is in years, NORD=normalized 
transverse diameter, being the ratio of local transverse diameter to maximum transverse 
diameter, is dimensionless, HIST regards the family history of the patient (1/2 if present, 
-1/2 if absent) and SEX is a dimensionless binary variable for the gender (1/2 for male, - 
1/2 for female). The ratio between local wall stress and strength provides the local 
Rupture Potential Index of the aneurysm (RPI). Vorp et al. showed for the first time the 
application of this criterion on a patient (Vorp and Vande Geest 2005) (Figure I 11). 
Vande Geest et al. (Vande Geest, Di Martino et al. 2006) applied this criterion to a 
population of patients. The RPI suggested that the peak RPI might be better able to 
identify AAAs with high rupture risk than maximum diameter or wall stress alone. 
However, the difference in RPI between the group of ruptured and non-ruptured 
aneurysms didn't reach statistical significance (p=O. 10) and the clinical relevance of this 
method for rupture assessment needs to be further validated. 
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Figure III: Sample of RPI calculation for a patient (from Vorp 2005) 
6.3.3 Determination of the zero-pressure configuration of aneurysm 
One of the main assumptions of the present computational models is that the geometry 
extracted from medical images (either CT or MRI) is equivalent to the unloaded 
configuration of the aneurysm. However, the internal pressure of the aneurysm is always 
non-zero during the scan. Arterial aneurysms are in a pre-deformed state in-vivo under 
non-zero pressure, therefore it is necessary to know the zero-pressure configuration of the 
aneurysm to estimate the actual wall stress under systolic pressure. A first attempt on this 
was performed by Raghavan et al. (Raghavan, Ma et al. 2006) who applied a non- 
invasive methodology to calculate the zero-pressure configuration of an aneurysm and a 
maximum difference of 2.7% was found, between the stress calculated using the zero- 
pressure configuration and the conventional method of applying the luminal pressure on 
the geometry extracted from the scan. A similar approach was used by De Putter et al. (de 
Putter, Wolters et al. 2007), who applied a backward incremental method to calculate 
patient- specific wall stress in AAAs. This study also showed higher wall stress with the 
new model, but the difference in peak wall stress was markedly higher. The refinement 
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of these methodologies would provide a more realistic systolic geometry and a better 
estimate of peak wall stress and therefore of the rupture risk for aneurysm patients. 
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APPENDIX 
A. 1 List of medical terms 
Aneurysm = an abnormal blood-filled dilatation of a blood vessel and especially an 
artery resulting from disease of the vessel wall. 
Aorta = the large arterial trunk that carries blood from the heart to be distributed by 
branch arteries through the body. 
Aortic dissection =a pathological splitting of the aortic media. 
Aortic regurgitation = leakage of blood from the aorta back into the left ventricle during 
diastole because of failure of an aortic valve to close properly. 
Atherosclerosis = an arteriosclerosis characterized by atheromatous deposits in and 
fibrosis of the inner layer of the arteries. 
Autosomal dominant inheritance = genetic inheritance carried by a chromosome other 
than a sex chromosome. 
Chronic obstructive pulmonary disease = pulmonary disease (as emphysema or 
chronic bronchitis) that is characterized by chronic typically irreversible airway 
obstruction resulting in a slowed rate of exhalation. 
Congestive heart failure = heart failure in which the heart is unable to maintain 
adequate circulation of blood in the tissues of the body or to pump out the venous 
blood returned to it by the venous circulation. 
Cystic medial degeneration = degeneration of the medial layer of an artery generating 
from a cyst. 
Dyspnea = difficult or labored respiration. 
Ectasia = the expansion of a hollow or tubular organ. 
Edema = an abnormal excess accumulation of serous fluid in connective tissue or in a 
serous cavity. 
Ehlers Danlos syndrome = an inherited disorder of connective tissue with several 
clinical forms characterized especially by extremely flexible joints, elastic skin, 
and excessive bruising. 
Haemoptisis = expectoration of blood from some part of the respiratory tract. 
Hypercholesterolemia = the presence of excess cholesterol in the blood. 
Hypertension = abnormally high arterial blood pressure that is usually indicated by an 
adult systolic blood pressure of 140 mm Hg or greater or a diastolic blood 
pressure of 90 mm Hg or greater, is chiefly of unknown cause but may be 
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attributable to a pre-existing condition (as a renal or endocrine disorder), that 
typically results in a thickening and inelasticity of arterial walls and hypertrophy 
of the left heart ventricle, and that is a risk factor for various pathological 
conditions or events (as heart attack, heart failure, stroke, end-stage renal disease, 
or retinal haemorrhage). 
latrogenic = induced inadvertently by a physician or surgeon or by medical treatment or diagnostic procedures. 
Ischemia = deficient supply of blood to a body part (as the heart or brain) that is due to 
obstruction of the inflow of arterial blood (as by the narrowing of arteries by 
spasm or disease). 
Marfan syndrome =a disorder of connective tissue that is inherited as a simple 
dominant trait, is caused by a defect in the gene controlling the production of 
fibrillin, and is characterized by abnormal elongation of the long bones and often 
by ocular and circulatory defects. 
Myixomatous degeneration = degeneration of an artery due to the presence of a soft 
tumor made up of gelatinous connective tissue resembling that found in the 
umbilical cord. 
Necrosis = death of a portion of tissue differentially affected by local injury (as loss of 
blood supply, corrosion, burning, or the local lesion of a disease). 
Paraparesis partial paralysis affecting the lower limbs. 
Paraplegia paralysis of the lower half of the body with involvement of both legs 
usually due to disease of or injury to the spinal cord. 
Pneumonitis =a disease characterized by inflammation of the lungs. 
Pulmonary parenchyma= the essential and distinctive tissue of anorgan or an abnormal 
growth as distinguished from its supportive framework (lungs in this case). 
Rheumatoid disorder = pathology characteristic of rheumatoid arthritis. 
Sensitivity = one of two indices used to evaluate the accuracy of a test that predicts 
dichotomous outcomes (e. g. logistic regression); it is the number of "true 
positives" (those testing positive who have the disease), divided by all those with 
the disease. 
Specificity = one of two indices used to evaluate the accuracy of a test that predicts 
dichotomous outcomes (e. g. logistic regression): it is the number of "true 
negatives" (those testing negative who do not have the disease), divided by all 
those without the disease. 
Syphilis =a chronic contagious usually venereal and often congenital 
disease that is 
caused by a spirochete of the genus Treponema (T. pallidum) and 
if left untreated 
produces chancres, rashes, and systemic lesions in a clinical course with three 
stages continued over many years. 
Systemic circulation = the passage of arterial blood from the left atrium of the 
heart 
through the left ventricle, the systemic arteries, and the capillaries to the organs 
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and tissues that receive much of its oxygen in exchange for carbon dioxide and the return of the carbon-dioxide carrying blood via the systemic veins to enter the 
right atrium of the heart and to participate in the pulmonary circulation. 
(from Merriam-Webster's Medical Dictionary, 2006) 
A. 2 Publications 
* Borghi A, Wood NB, Mohiaddin R, Xu XY, "Computational modelling of fluid 
dynamics and stress pattern in thoracic aortic aneurysms", Proceedings of the 
2005 Summer Bioengineering Conference, abstract 0094650, Vail, CO, 22-26 
June 2005. 
9 Borghi A, Wood NB, Mohiaddin R, Xu XY, "Computational modelling of flow 
and stress in realistic thoracic aortic aneurysms", Proceedings of the 11 
International Conference on Computational Bioengineering, Lisboa, Instituto 
Superior Tecnico, 14-16 September 2005. 
e Borghi A, Wood NB, Mohiaddin R, Xu XY, "Patient-specific analysis of flow 
and stress patterns in thoracoabdominal aneurysms" Joumal of Biomechanics, 39 
supplement 1,2006, Abstracts of the 5th World Congress of Biomechanics, 
Munich, Germany 29 july -4 August 2006. 
9 Borghi A, Wood NB, Mohiaddin R, Xu. XY, "3D geometric reconstruction of 
thoracic aortic aneurysms", Biomedical Engineering Online, 2006 Nov 2,5: 59. 
9 Borghi A, Wood NB, Mohiaddin R, Xu XY, "Fluid-solid interaction simulation of 
flow and stress pattern in thoracoabdominal aneurysms: a patient specific study", 
Journal of Fluids and Structures (in press). 
A. 3 International conference presentations 
0 2005 Summer Bioengineering Conference, Vail, CO, 22-26 June 2005 (oral 
presentation). 
189 
* 11 International Conference on Computational Bioengineering, Lisboa, Instituto 
Superior Tecnico, 14-16 September 2005 (oral presentation). 
0 ASME Pressure Vessels and Piping Division Conference, Vancouver, BC, 23-27 
July 2006 (invited oral presentation). 




Acharya, R., R. Wasserman, et al. (1995). "Biomedical imaging modalities: a tutorial. " Comput Med Imaging Graph 19(l): 3-25. 
Akhavan, R., R. D. Kamm, et a]. (1991 a). "An investigation of transition to turbulence in 
bounded oscillatory Stokes flows. Part 1. Experiments. " J Fluid Mech 225: 395- 
422. 
Akhavan, R., R. D. Kamm, et al. (1991b). "An investigation of transitino to turbulence in 
bounded oscillatory Stokes flows. Part 2. Numerical Simulations. " J Fluid Mech 
225: 423-444. 
Albornoz, G., M. A. Coady, et al. (2006). "Fan-fflial thoracic aortic aneurysms and 
dissections--incidence, modes of inheritance, and phenotypic patterns. " Ann 
Thorac Sur 82(4): 1400-5. 
Antiga, L., B. Ene-lordache, et al. (2002). "Geometric reconstruction for computational 
mesh generation of arterial bifurcations from CT angiography. " Comput Med 
Imaging Graph 26(4): 227-35. 
Auer, M., R. Stollberger, et al. (2006). "3-D reconstruction of tissue components for 
atherosclerotic human arteries using ex vivo high-resolution MRU' IEEE Trans 
Med Imaging 25(3): 345-57. 
Augst, A. D., D. C. Barratt, et al. (2003). "Accuracy and reproducibility of CFD predicted 
wall shear stress using 3D ultrasound images. " J Biomech Eng 125(2): 218-22. 
Bengtsson, H., B. Sonesson, et al. (1996). "Incidence and prevalence of abdominal aortic 
aneurysms, estimated by necropsy studies and population screening by 
ultrasound. " Ann NY Acad Sci 800: 1-24. 
Bickerstaff, L. K., P. C. Pairolero, et al. (1982). "Thoracic aortic aneurysms: a 
population-based study. " Surger 92(6): 1103-8. 
Bluestein,, D., L. Niu, et al. (1996). "Steady flow in an aneurysm model: correlation 
between fluid dynamics and blood platelet deposition. " J Biomech Eng 118(3): 
280-6. 
Bluestein, D., E. Rambod, et al. (2000). "Vortex shedding as a mechanism for free emboli 
formation in mechanical heart valves. " J Biomech Eng 122(2): 125-34. 
191 
Bogren, H. G. and A H. Buonocore (1999). "4D magnetic resonance velocity mapping 
of blood flow patterns in the aorta in young vs. elderly normal subjects. " J Magan Reson Imaging 10(5): 861-9. 
Bogren, H. G., R. H. Mohiaddin, et al. (1995). "Magnetic resonance velocity vector 
mapping of blood flow in thoracic aortic aneurysms and grafts. " J Thorac 
Cardiovasc SuEg 110(3): 704-14. 
Boschetti, F., Di Martino, E., Gioda, G. (2007). A Poroviscoelastic model of intraluminal 
thrombus from abdominal aortic aneurysms. ASME 2007 Summer 
Bioengineering Conference (SBC2007), Keystone Resort & Conference Center, 
Keystone, Colorado, USA. 
Chang, J. M., H. J. Lee, et al. (2006). "False positive and false negative FDG-PET scans 
in various thoracic diseases. " Korean J Radiol 7(l): 57-69. 
Cheong, P. L. (2004). Magnetic resonance imaging and computater simulation of 
haemodynamics at the human aortic bifurcation. Department of Chemical 
Engineering and Chemical Technology. London, Imperial College London. 
Coady, M. A., R. R. Davies, et al. (1999). "Familial patterns of thoracic aortic 
aneurysms. " Arch Surg 134(4): 361-7. 
Coady, M. A., J. A. Rizzo, et al. (1999). "Surgical intervention criteria for thoracic aortic 
aneurysms: a study of growth rates and complications. " Ann Thorac Surg 67(6): 
1922-6; discussion 1953-8. 
Cooke, J. C. and R. P. Cambria (1993). "Simultaneous tracheobronchial and esophageal 
obstruction caused by a descending thoracic aneurysm. " J Vasc SuIg 18(l): 90-4. 
Coselli, J. S., S. A. LeMaire, et al. (2000). "Mortality and paraplegia after 
thoracoabdominal aortic aneurysm repair: a risk factor analysis. " Ann Thorac 
Surg 69(2): 409-14. 
Cowan, J. A., Jr., J. B. Dimick, et al. (2003). "Ruptured thoracoabdominal aortic 
aneurysm treatment in the United States: 1988 to 1998. " J Vasc Surg 38(2): 319- 
22. 
Davies, R. R., A. Gallo, et al. (2006). "Novel measurement of relative aortic size predicts 
rupture of thoracic aortic aneurysms. " Ann Thorac Sur 81(l): 169-77. 
de Bakey, M. E., C. H. McCollum, et A (1978). "Surgical treatment of aneurysms of the 
descending thoracic aorta: long-term results in 500 patients. " J Cardiovasc Surg 
jorinol 19(6): 571-6. 
192 
de Putter, S., B. J. Wolters, et al. (2007). " Pati ent- specific initial wall stress in abdominal 
aortic aneurysms with a backward incremental method. " J Biomech 40(5): 108 1- 
90. 
DeBakey, M. E., G. M. Lawrie, et al. (1985). "Patterns of atherosclerosis and their 
surgical significance. " Ann Surg 201(2): 115-3 1. 
Di Martino, E., S. Mantero, et a]. (1998). "Biomechanics of abdominal aortic aneurysm in 
the presence of endolurrdnal thrombus: experimental characterisation and 
structural static computational analysis. " Eur J Vasc Endovasc Sur 15(4): 290-9. 
Di Martino, E. S., A. Bohra, et al. (2006). "Biomechanical properties of ruptured versus 
electively repaired abdominal aortic aneurysm wall tissue. " J Vasc Sur 43(3): 
570-6; discussion 576. 
Di Martino, E. S., G. Guadagni, et al. (2001). "Fluid-structure interaction within realistic 
three-dimensional models of the aneurysmatic aorta as a guidance to assess the 
risk of rupture of the aneurysm. " Med Eng Phys 23(9): 647-55. 
Di Martino, E. S. and D. A. Vorp (2003). "Effect of variation in intralun-ýinal thrombus 
constitutive properties on abdominal aortic aneurysm wall stress. " Ann Biomed 
Eng 31(7): 804-9. 
Egelhoff, C. J., R. S. Budwig, et al. (1999). "Model studies of the flow in abdominal 
aortic aneurysms during resting and exercise conditions. " J Biomech 32(12): 
1319-29. 
Elefteriades, J. A. (2002). "Natural history of thoracic aortic aneurysms: indications for 
surgery, and surgical versus nonsurgical risks. " Ann Thorac Surg 74(5): S 1877- 
80; discussion S1892-8. 
Elefteriades, J. A. (2005). Beating a Sudden Killer. SCIENTIFIC AMERICAN. August 
2005 Issue: 64-71. 
Elefteriades, J. A., C. J. Lovoulos, et al. (1999). "Management of descending aortic 
dissection. " Ann Thorac Surg 67(6): 2002-5; discussion 2014-9. 
Farm, J. 1. (2002). "Descending thoracic and thoraco abdominal aortic aneurysms. " Coron 
Artery Dis 13(2): 93-102. 
Fillinger, A (2006). "The long-term relationship of wall stress to the natural history of 
abdominal aortic aneurysms (finite element analysis and other methods). 
" Ann N 
Y Acad Sci 1085: 22-8. 
193 
Fillinger, M. F., S. P. Marra, et al. (2003). "Prediction of rupture risk in abdominal aortic aneurysm during observation: wall stress versus diameter. " I YLSý ýSur 37(4): 724-32. 
Fillinger, M. F., M. L. Raghavan, et al. (2002). "In vivo analysis of mechanical wall stress and abdominal aortic aneurysm rupture risk. " I Vasc Surg 36(3): 589-97. 
Finol, E. A. and C. H. Amon (2001). "Blood flow in abdominal aortic aneurysms: 
pulsatile flow hemodynamics. " J Biomech ]Pnc, - 123(5): 474-84. 
Finol, E. A., C. H. Amon, et al. "Pressure and wall shear stress distribution in abdominal 
aortic aneurysms: Patient- specific modeling. " [unpublished]. 
Finol, E. A., K. Keyhani, et al. (2003). "The effect of asymmetry in abdominal aortic 
aneurysms under physiologically realistic pulsatile flow conditions. " J Biomech Eng 125(2): 207-17. 
Fry, D. L. (1969). "Certain histological and chemical responses of the vascular interface 
to acutely induced mechanical stress in the aorta of the dog. " Circ Res 24(l): 93- 
108. 
Fukui, T., T. Matsumoto, et al. (2005). "In vivo mechanical properties of thoracic aortic 
aneurysmal wall estimated from in vitro biaxial tensile test. " Biomed Mater En 
15(4): 295-305. 
Fung, Y. C., K. Fronek, et al. (1979). "Pseudoelasticity of arteries and the choice of its 
mathematical expression. " Am J Physiol, 237(5): H620-31- 
Gao, F., M. Watanabe, et al. (2006). "Stress analysis in a layered aortic arch model under 
pulsatile blood flow. " Biomed Eng Online 5: 25. 
Gasbarro, M. D., E. Di Martino, et al. (2005). Computational Modeling Of Abdominal 
Aortic Aneurysm: A New Simulation Technique That Demonstrates The 
Importance Of Including Realistic Fluid Motion, Spinal Column And Internal 
Organs. 2005 Summer Bioengineering Conference, Vail (CO). 
Gatehouse, P. D., J. Keegan, et al. (2005). "Applications of phase-contrast flow and 
velocity imaging in cardiovascular MRI. " Eur Radiol 15(10): 2172-84. 
Giannaglou, G., G. Giannakoulas, et al. (2006). "Predicting the Risk of Rupture of 
Abdominal Aortic Aneurysms by utilizing various geometrical parameters: 
Revisiting the Diameter Criterion. " Angiology 57(4): 487-94. 
Glor, F. P., Q. Long, et al. (2003). "Reproducibility Study of Magnetic Resonance Image- 
Based Computational Fluid Dynamics Prediction of Carotid Bifurcation How. " 
Annals of Biomedical Engineering 31(2): 142-15 1. 
194 
Glor, F. P, J. J. Westenberg, et al. (2002). "Validation of the coupling of magnetic 
resonance imaging velocity measurements with computational fluid dynamics in a U bend. " Artif Organs 26(7): 622-35. 
Gonzalez, R. C. and R. E. Woods (2002). Digital Image Processingi. Upper Saddle River, 
New Jersey, Prentice-Hall Inc. 
Gray, H. (1967). Gray's Anatomy, Longmans. 
Griepp, R. B., A A. Ergin, et al. (1999). "Natural history of descending thoracic and 
thoracoabdominal aneurysms. " Ann Thorac Sur 67(6): 1927-30; discussion 
1953-8. 
Guyton, A. C. (1986). Textbook of medical PhysiolM. Philadelphia, W. B. Saunders 
Company. 
Hans, S. S., 0. Jareunpoon, et al. (2005). "Size and location of thrombus in intact and 
ruptured abdominal aortic aneurysms. " J Vasc SuEg 41(4): 584-8. 
Hillenbrand, C. M., J. A. Jesberger, et al. (2006). "Toward rapid high resolution in vivo 
intravascular MRI: evaluation of vessel wall conspicuity in a porcine model using 
multiple imaging protocols. " J Magn Reson Imaging 23(2): 135-44. 
Holzapfel, G. A., M. Stadler, et al. (2002). "A layer-specific three-dimensional model for 
the simulation of balloon angioplasty using magnetic resonance imaging and 
mechanical testing. " Ann Biomed En 30(6): 753-67. 
Holzapfel, G. A. and H. W. Weizsacker (1998). "Biomechanical behavior of the arterial 
wall and its numerical characterization. ". Comput Biol Med 28(4): 377-92. 
Hoskins, P. R. (2007). "Physical properties of tissues relevant to arterial ultrasound 
imaging and blood velocity measurement. " Ultrasound Med Biol 33(10): 1527-39. 
Inzoli, F., F. Boschetti, et al. (1993). "Biomechanical factors in abdominal aortic 
aneurysm rupture. " Eur J Vasc Surg 7(6): 667-74. 
Jin, S., J. Oshinski, et al. (2003). "Effects of wall motion and Compliance on Flow 
Patterns in the Ascending Aorta. " J Biomech 125(3): 347-354. 
Jin, S., J. Oshinski, et al. (2003). "Effects of wall motion and compliance on 
flow patterns 
in the ascending aorta. " J Biomech Eng 125(3): 347-54. 
Jung, S. E., J. M. Lee, et al. (2005). "Gallbladder wall thickening: MR imaging and 
pathologic correlation with emphasis on 
layered pattern. " Eur Radiol 15(4): 694- 
701. 
195 
Juvonen, T., M. A. Ergin, et al. (1997). "Prospective study of the natural history of thoracic aortic aneurysms. " Ann Thorac Sigg 63(6): 1533-45. 
Kahn, R. A. and S. Konstadt (2002). "Thoracic aortic disease: endovascular stents. " Echocardiography 19(7 Pt 1): 589-97. 
Kato, Y., T. Matsumoto, et al. (2001). Developmento of a Method to Construct Three- 
Dimensional Finite Element Models of Thoracic Aortic Aneurysms from MR1 
Images. Medical Imaging and Augmented Reality. 
Khanafer, K. M., P. Gadhoke, et al. (2006). "Modeling pulsatile flow in aortic aneurysms: 
Effect of non-Newtonian properties of blood. " BiorheologY 43(5): 661-79. 
Kilner, P. J., G. Z. Yang, et al. (1993). "Helical and retrograde secondary flow patterns in 
the aortic arch studied by three-directional magnetic resonance velocity mapping. " 
Circulation 88(5 Pt 1): 2235-47. 
Klein, D. G. (2005). "Thoracic aortic aneurysms. " J Cardiovasc Nurs 20(4): 245-50. 
Kleinstreuer, C., Z. Li, et al. (2007). "Fluid-structure interaction analyses of stented 
abdominal aortic aneurysms. " Annu Rev Biomed Eng 9: 169-204. 
Koullias, G., R. Modak, et al. (2005). "Mechanical deterioration underlies malignant 
behavior of aneurysmal human ascending aorta. " J Thorac Cardiovasc S! Irg 
130(3): 677-83. 
Ku, D. N., D. P. Giddens, et al. (1985). "Pulsatile flow and atherosclerosis in the human 
carotid bifurcation. Positive correlation between plaque location and low 
oscillating shear stress. " Arteriosclerosis 5(3): 293-302. 
Larson, E. W. and W. D. Edwards (1984). "Risk factors for aortic dissection: a necropsy 
study of 161 cases. " Am J Car, diol 53(6): 849-55. 
LeMaire, S. A., C. C. Miller, 3rd, et al. (2003). "Estimating group mortality and 
paraplegia rates after thoracoabdominal aortic aneurysm repair. " Ann Thorac Surg 
75(2): 508-13. 
Leung, J. (2006). Determination of flow patterns and stresses in patient specific models 
of Abdominal Aortic Aneurysm. Department of Chemical Engineering and 
Chemical Technology. London, Imperial College London. 
Leung, J., A. Wright, et al. (2004). Flow Patterns and Wall Shear Stresses in Patient- 
specific. Models of the Abdominal Aortic Aneurysm. International 
Congress on 
Medical and Care Compunetics, The Hague. 
196 
Leung, J. H., A. R. Wright, et al. (2006). "Fluid structure interaction of patient specific abdominial aortic aneurysms: a comparison with solid stress models. " Biomed Eng Online 5(l): 33. 
Levick, J. R. (2000). An introduction to Cardiovasý! ýýýý, Hodder Amold. 
Li, Z. and C. Kleinstreuer (2005). "Blood flow and structure interactions in a stented 
abdominal aortic aneurysm model. " Med Eng Phys 27(5): 369-82. 
Li, Z. and C. Kleinstreuer (2006). "Effects of blood flow and vessel geometry on wall 
stress and rupture risk of abdominal aortic aneurysms. " J Med Eng Technol 30(5): 
283-97. 
Livesay, J. J., G. N. Messner, et al. (2005). "Milestones in the treatment of aortic 
aneurysm: Denton A. Cooley, MD, and the Texas Heart Institute. " Tex Heart Inst 
J 32(2): 130-4. 
Lnne, T., H. Stale, et al. (1992). "Noninvasive measurement of diameter changes in the 
distal abdominal aorta in man. " Ultrasound Med Biol 18(5): 451-7. 
Long, Q., X. Y. Xu, et al. (1998). "Magnetic resonance image processing and structured 
grid generation of a human abdominal bifurcation. " Comput Methods Programs 
Biomed 56(3): 249-59. 
Martin, E. A. (1998). Concise Colour Medical Dictionary. New York, Oxford University 
Press. 
McNamara, J. J. and V. M. Pressler (1978). "Natural history of arteriosclerotic thoracic 
aortic aneurysms. " Ann Thorac Surg 26(5): 468-73. 
McRobbie (2007). MRI, from Picture to Proton, Cambridge. 
Melton, L. J., 3rd, L. K. Bickerstaff, et al. (1984). "Changing incidence of abdominal 
aortic aneurysms: a population-based study. " Am I Evidemiol 120(3): 379-86. 
Merriam-Webster (2006). Menjam-Webster's Medical Dictionary, Merriam-Webster. 
Miller, C. C., 3rd, E. E. Porat, et al. (2003). "Analysis of short-term multivariate 
competing risks data following thoracic and thoracoabdominal aortic repair. " Eur 
J Cardiothorac Sur 23(6): 1023-7; discussion 1027. 
Moore, J. A., D. A. Steinman, et al. (1998). "Computational blood flow modelling: errors 
associated with reconstructing finite element models from magnetic resonance 
images. " J Biomech 31(2): 179-84. 
197 
Moore, J. A., D. A. Steinman, et al. (1999). "Accuracy of Computational Hemodynamics 
in Complex Arterial Geometries Reconstructed from Magnetic Resonance 
Imaging. " Annals of BiomedkALEngjagýjý 27(l): 32-41. 
Moreno-Cabral, C. E., D. C. Miller, et al. (1984). "Degenerative and atherosclerotic 
aneurysms of the thoracic aorta. Determinants of early and late surgical outcome. " J Thorac Cardiovasc Surg 88(6): 1020-32. 
Morgan, W. H., D. Y. Yu, et al. (1998). "Relation between pressure determined by 
ophthalmodynamometry and aortic pressure in the dog. " Br J Ophthalmol 82(7): 
821-5. 
Mori, D. and T. Yamaguchi (2002). "Computational fluid dynamics modeling and 
analysis of the effect of 3-D distortion of the human aortic arch. " Comput 
Methods Biomech Biomed Engin 5(3): 249-60. 
Morris, L., P. Delassus, et al. (2005). "3-D numerical simulation of blood flow through 
models of the human aorta. " J Biomech Eng 127(5): 767-75. 
Mower, W., W. Quinones, et al. (1997). "Effect of intraluminal thrombus on abdominal 
aortic aneurysm wall stress. " Journal of Vascular Surgery 26(4): 602-608. 
Nerem, R. M., W. A. Seed, et al. (1971). "An experimental study of the velocity 
distribution and transition to turbulence in the aorta. " J Fluid Mech 52: 137-160. 
Neri, E. and A Massetti (2004). Enginnering cardiac and aortic procedures. J Thorac 
Cardiovasc Surg. 
Okamoto, R. J., J. E. Wagenseil, et al. (2002). "Mechanical properties of dilated human 
ascending aorta. " Ann Biomed Eng 30(5): 624-35. 
Olabarriaga, S. D., J. M. Rouet, et al. (2005). "Segmentation of thrombus in abdominal 
aortic aneurysms from CTA with nonparametric statistical grey level appearance 
modeling. " IEEE Trans Med Imaging 24(4): 477-85. 
Olufsen, M. S., C. S. Peskin, et al. (2000). "Numerical simulation and experimental 
validation of blood flow in arteries with structured-tree outflow conditions. " Ann 
Biomed En 28(11): 1281-99. 
Outten, J. T., K. L. Kruse, et al. (2003). Computational model of mechanical wall stresses 
in abdominal aortic aneurysm one hour prior to rupture. 2003 Summer 
Bioengineering Conference, Key Biscayne, Florida. 
Pannu, H., N. Avidan, et al. (2006). "Genetic basis of thoracic aortic aneurysms and 
dissections: potential relevance to abdominal aortic aneurysms. " Ann NY Acad 
Sci 1085: 242-55. 
198 
Papaharilaou, Y., J. A. Ekaterinaris, et al. (2006). "A decoupled fluid structure approach for estimating wall stress in abdominal aortic aneurysms. " J Biomech. 
Peattie, R. A., T. J. Riehle, et al. (2004). "Pulsatile flow in fusiform models of abdoiminal 
aortic aneurysms: flow fields, velocity patterns and flow-induced wall stresses. " J Biomech Eng 126(4): 438-46. 
Pedley, T. J. (1980). The fluid mechanics of large blood vessels. Cambridge, Cambridge 
University Press. 
Pittaccio, S. (2004). Contributions on the fluid dynamics of the aortic arch in presence of 
aortic arch repair. Institute for Child Health. London, University College London. 
Pressler, V. and J. J. McNamara (1980). "Thoracic aortic aneurysm: natural history and 
treatment. " J Thorac Cardiovasc Surg 79(4): 489-98. 
Pressler, V. and J. J. McNamara (1985). "Aneurysm of the thoracic aorta. Review of 260 
cases. " J Thorac, Cardiovasc Surg 89(l): 50-4. 
Raghavan, M. L. (1998). Mechanical wall stress in abdominal aortic aneurysms: towards 
the development of a clinical tool to predict aneurysm rupture. Pittsburgh, 
University of Pittsburgh. 
Raghavan, M. L., B. Ma, et al. (2006). "Non-invasive determination of zero-pressure 
geometry of arterial aneurysms. " Ann Biomed Eng 34(9): 1414-9. 
Raghavan, M. L. and D. A. Vorp (2000). "Toward a biomechanical tool to evaluate 
rupture potential of abdominal aortic aneurysm: identification of a finite strain 
constitutive model and evaluation of its applicability. " J Biomech 33(4): 475-82. 
Rizzo, J. A., A A. Coady, et al. (1998). "Procedures for estimating growth rates in 
thoracic aortic aneurysms. " J Clin Epiderniol 51(9): 747-54. 
Roach, M. R. and A. C. Burton (1957). "The reason for the shape of the distensibility 
curves of arteries. " Can J Biochem Physiol 35(8): 681-90. 
Sakalihasan, N., R. Hustinx, et A (2004). "Contribution of PET scanning to the 
evaluation of abdominal aortic aneurysm. " Semin Vasc Surg 17(2): 144-53. 
Sakalihasan, N., H. Van Damme, et A (2002). "Positron emission tomography (PET) 
evaluation of abdominal aortic aneurysm (AAA). " Eur J Vasc Endovasc Surg 
23(5): 431-6. 
Savage, B., E. Saldivar, et A (1996). "Initiation of platelet adhesion by arrest onto 
fibrinogen or translocation on von Willebrand factor. " Cell 84(2): 289-97. 
199 
Schenkel, T., S. Meyer, et al. (2003). Flow in a Human Model Aorta. Wold Congress on 
Medical Physics and Biomedical Engineering, Sydney, Australia. 
Schurink, G., J. van Baalen, et al. (2000). "Thrombus within an aortic aneurysm does not 
reduce pressure on the aneurysmal wall. " J Vasc Surg 31(3): 501-6. 
Scotti, C. M., A. D. Shkolnik, et A (2005). "Fluid-structure interaction in abdominal 
aortic aneurysms: effects of asymmetry and wall thickness. " Biomed Eng Online 
4: 64. 
Segers, P., E. Rietzschel, et al. (2005). "Carotid tonometry versus synthesized aorta 
pressure waves for the estimation of central systolic blood pressure and 
augmentation index. " Am J Hypertens 18(9 Pt 1): 1168-73. 
Shahcheraghi, N., H. A. Dwyer, et al. (2002). "Unsteady and three-dimensional 
simulation of blood flow in the human aortic arch. " J Biomech Eng 124(4): 378- 
87. 
Siegel, J. H., K. H. Yang, et al. (2006). "Computer simulation and validation of the 
Archimedes Lever hypothesis as a mechanism for aortic isthmus disruption in a 
case of lateral impact motor vehicle crash: a Crash Injury Research Engineering 
Network (CIREN) study. " J Trauma 60(5): 1072-82. 
Siemens (2001). MR GLOSSARY. www-medical. siemens. com, SIEMENS. 
Sonesson, B., T. Sandgren, et al. (1999). "Abdominal aortic aneurysm wall mechanics 
and their relation to risk of rupture. " Eur J Vasc Endovasc Surg 18(6): 487-93. 
Speelman, L., A. Bohra, et al. (2007). "Effects of wall calcifications in patient- specific 
wall stress analyses of abdominal aortic aneurysms. " J Biomech Eng 129(l): 105- 
9. 
Steinman, D. A. (2002). "Image-based computational fluid dynamics modeling in 
realistic arterial geometries. " Ann Biomed Eng 30(4): 483-97. 
Stringfellow, M. M., P. F. Lawrence, et al. (1987). "The influence of aorta-aneurysm 
geometry upon stress in the aneurysm wall. " J 
Surg Res 42(4): 425-33. 
Subasic, M., S. Loncaric, et al. (2005). "Model-based quantitative AAA image analysis 
using a priori knowledge. " Com_ ms 
Biomed 80(2): 103-14. 
Tang, D., C. Yang, et al. (2004)- "3D MRI-based multicomponent 
FSI models for 
atherosclerotic plaques. " Ann Biomed 
Eng 32(7): 947-60. 
')00 
Tawakol, A., R. Q. Migrino, et al. (2005). "Noninvasive in vivo measurement of vascular inflammation with F- 18 fluorodeoxyglucose positron emission tomography. " J Nucl Cardiol 12(3): 294-301. 
Taylor, T. W. and T. Yamaguchi (1994). "Three-dimensional simulation of blood flow in 
an abdominal aortic aneurysm-- steady and unsteady flow cases. " J Biomech Eng 
116(l): 89-97. 
The MathWorks, 1. (200 1). Spline Toolbox User's Guide, The MathWorks Inc. 
Thomas, J. B., B. K. Rutt, et al. (2001). "Effect of black blood MR image quality on 
vessel wall segmentation. " Magn Reson Med 46(2): 299-304. 
Thubrikar, M. J., J. al-Soudi, et al. (2001). "Wall stress studies of abdominal aortic 
aneurysm in a clinical model. " Ann Vasc Sur 15(3): 355-66. 
Thubrikar, M. J., M. Labrosse, et A (2001). "Mechanical properties of abdominal aortic 
aneurysm wall. " J Med Eng Technol 25(4): 133-42. 
Thubrikar, M. J., F. Robicsek, et al. (2003). "Effect of thrombus on abdominal aortic 
aneurysm wall dilation and stress. " J Cardiovasc Surg (Torino) 44(l): 67-77. 
Touat, Z., V. Ollivier, et al. (2006). "Renewal of mural thrombus releases plasma markers 
and is involved in aortic abdominal aneurysm evolution. " Am J Pathol 168(3): 
1022-30. 
van Dam, E. A., S. D. Dams, et al. (2006). "Determination of linear viscoelastic behavior 
of abdominal aortic aneurysm thrombus. " Biorheology 43(6): 695-707. 
Vande Geest, J. P., E. S. Di Martino, et al. (2006). "A biomechanics-based rupture 
potential index for abdominal aortic aneurysm risk assessment: demonstrative 
application. " Ann NY Acad Sci 1085: 11-21. 
Vande Geest., J. P., M. S. Sacks, et al. (2004). "Age dependency of the biaxial 
biornechanical behavior of human abdominal aorta. " J Biomech Eng 126(6): 815- 
22. 
Vande Geest, J. P., M. S. Sacks, et A (2006). "The effects of aneurysm on the biaxial 
mechanical behavior of human abdominal aorta. " J Biomech 
39(7): 1324-34. 
Venkatasubramaniam, A. K., A J. Fagan, et al. (2004). "A comparative study of aortic 
wall stress using finite element analysis for ruptured and non-ruptured abdominal 
aortic aneurysms. " Eur J Vasc Endovasc Surg 
28(2): 168-76. 




Vorp, D. A., M. L. Raghavan, et al. (1996). "Wall strength and stiffness of aneurysmal 
and nonaneurysmal abdominal aorta. " Ann NY Acad Sci 800: 274-6. 
Vorp, D. A., B. J. Schiro, et al. (2003). "Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta. " 
-Ann 
Thorac Surg 75(4): 
1210-4. 
Vorp, D. A. and J. P. Vande Geest (2005). Tiomechanical determinants of abdominal 
aortic aneurysm rupture. " Arterioscler Thromb Vasc Biol 25(8): 1558-66. 
Wang, D. H., M. Makaroun, et al. (2001). "Mechanical properties and microstructure of intraluminal thrombus from abdominal aortic aneurysm. " J Biomech Eng 123(6): 
536-9. 
Wang, D. H., A S. Makaroun, et al. (2002). "Effect of intraluminal thrombus on wall 
stress in patient-specific models of abdominal aortic aneurysm. " J Vasc Surg, 
36(3): 598-604. 
Watanabe, Y., M. Dohke, et al. (2000). "Dynamic subtraction contrast-enhanced MR 
angiography: technique, clinical applications, and pitfalls. " Radiographics 20(l): 
135-52; discussion 152-3. 
Watton, P. N., N. A. Hill, et al. (2004). "A mathematical model for the growth of the 
abdominal aortic aneurysm. " Biomech Model Mechanobiol 3(2): 98-113. 
Westbrook, C. and C. Kaut (1998). MRI in practive. Oxford, Blackwell Science. 
Weston, S. J., N. B. Wood, et al. (1998). "Combined MRU' 
Weston, S. J., N. B. Wood, et al. (1998). "Combined MRI and CFD analysis of fully 
developed steady and pulsatile laminar flow through a bend. " J Magn Reson 
Imaging 8(5): 1158-7 1. 
Williamson, S. D., Y. Lam, et al. (2003). "On the sensitivity of wall stresses in diseased 
arteries to variable material properties. " J Biomech En 125(l): 147-55. 
Wolters, B. J., M. C. Rutten, et al. (2005). "A patient-specific computational model of 
fluid-structure interaction in abdominal aortic aneurysms. " Med Eng 1! hys 27(10): 
871-83. 
Wood, N. B. (1999). "Aspects of Fluid Dynamics Applied to Larger Arteries. " J Theor 
Biol 199: 137-161. 
Wood, N. B., S. J. Weston, et al. (2001). "Combined MR Imaging and CFD Simulation of 




Yang, F., G. Holzapfel, et al. (2003). "Segmentation of wall and plaque in in vitro 
vascular MR images. " The International Journal of Cardiovascular Imaging 
(formerly Cardiac Imaging) 19(5): 419-428. 
Zhao, S. Z., X. Y. Xu, et al. (2000). "Blood flow and vessel mechanics in a 
physiologically realistic model of a human carotid arterial bifurcation. " J Biomech 
33(g): 975-84. 
Zhuge, F., G. D. Rubin, et al. (2006). "An abdominal aortic aneurysm segmentation 
method: level set with region and statistical information. " Med Phys 33(5): 1440- 
53. 
203 
